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Abstract
The research herein was conducted to characterize the fine-scale
microstructure of 2.25Cr-1Mo-0.25V (22V) submerged arc weld deposits and
to study the influence of the microstructure on creep behavior and reheat
cracking susceptibility.

Scanning electron microscopy and transmission

electron microscopy examinations concentrated on carbide morphology and
evolution as a function of time and temperature, since the majority of
properties that are associated with 22V weld deposits are attributable to the
carbide type and location throughout the microstructure.
Five distinct carbides were observed in the range of heat treatments
studied: MC, M2C, M23C6, M7C3, and M6C.

It was shown that each

carbide type could be readily identified in terms of the relative EDS spectra
peak heights of iron, chromium, molybdenum, and vanadium. The carbide
evolution, as a function of heat treatment, revealed that grain matrix and
grain boundary carbides coarsened as the postweld heat treatment time
increased.

MC type matrix carbides evolved into M23C6 carbides while

grain boundary carbides (M23C6, M7C3) coalesced and evolved into M6C

vi
carbides. As expected, the overall weld deposit chemical composition was
shown to have a significant influence on the formation and evolution of
carbides and thus influenced the elevated temperature properties.
The potential presence of impurity elements on reheat cracked
surfaces and creep-crack surfaces were investigated. Due to the fact that
molybdenum, sulfur, and lead each exhibit peaks at approximately 2.4keV
when recorded by the EDS method, a definitive quantity of these elements
cannot be readily attained.

A direct comparison of the spectra from the

transgranular cleavage surface vs. the reheat- and creep-cracked surfaces
suggests that lead may be present as the peak intensity at 2.4keV increases
when the reheat- or creep-crack surface are the only regions excited by the
beam.
The research herein is intended to provide industry and researchers
with an accurate identification of the carbides present in 22V submerged arc
weld deposits.

It is felt that the totality of this work that will be of

importance to the utilization of the 22V alloy and similar alloy systems
employed in the current and future power production and petroleum
refining sectors of industry.
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Preface
Conventional Cr-Mo alloys have been an industry standard for high
temperature and high pressure applications for many years. Over the last 10
years, the ever-growing demand for energy has pushed industry to strive for
higher production in order to meet consumers’ needs. To facilitate demands,
industry has begun to utilize modified Cr-Mo alloys, which have superior
properties and enables pressure vessels to operate with higher design stress
values resulting in reduced wall thickness and/or higher production due to
the elevated temperatures and pressures. Modified Cr-Mo steels have grown
in popularity and one of the more common modified Cr-Mo alloys used in
high temperature and high-pressure environments is 2.25Cr-1Mo-0.25V, also
referred to as 22V. The alloy provides adequate high temperature strength,
corrosion resistance, and is able to withstand the detrimental effects of a
hydrogen

service

environment.

However,

several

pressure

vessel

manufacturers reported fabrication problems related to 22V submerged arc
weldments. Fabricators stated that, “clusters of fine transverse intergranular
cracks within the weld deposits” were apparent after the completion of a post
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weld heat treatment. The cracking phenomenon was attributed to Reheat
Cracking (RHC) but little is currently known about the principal mechanisms
which govern 22V’s susceptibility to RHC.

Also, the current standards

intended to provide guidance during design and fabrication of 22V pressure
vessels lack pertinent information.

Additional technical data is needed so

that fabricators, purchasers, and refinery engineers fully understand the
nature of the alloy and what is required to produce sound vessels that
possess the desired properties.
In order to bring a resolution to the issues surrounding 22V, the
Materials Property Council, under the direction of Dr. Martin Prager,
organized the “HPV-PREVENT” program. The program was sponsored by
parties associated with the petroleum industry which include: refiner owners,
engineering and construction companies, engineering consulting companies,
fabricators, material producers, and welding consumable suppliers.

The

research described herein stemmed from the HPV-PREVENT program and
was conducted at The University of Tennessee – Knoxville.
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Chapter 1
Introduction
1.1 Modern Hydroprocessing Pressure Vessels
Thick walled reactor vessels are a significant and critical part of
petroleum refinery hydroprocessing plants. Hydroprocessing refers to a wide
range of refining processes including hydrocracking, hydrodesulfurization, and
others, which react petroleum with hydrogen at elevated temperatures and
elevated pressures1. Chemical reactions that occur in these processes are used
to convert crude oil into consumer useable byproducts. The process involves
several steps to break down the oil’s complex organic molecules. Crude oil
contains hundreds of hydrocarbon chains and in order to separate them the
crude oil is heated to vapor and pumped into a distillation column. Inside
the column, the oil is separated by boiling points; small hydrocarbon chains,
which have a low boiling point, collect at the top while longer hydrocarbon
chains, which have a higher boiling point, reside at the bottom of the column.
A schematic of a distillation column is shown in Figure 1.1.

The longer

2
hydrocarbon chains are collected from the lower levels of distillation column
and pumped into a pressure vessel to be further refined by a process called
“hydrocracking”.

Figure 1.1. Schematic of a Distillation Column used in Oil Refinement2.

Hydroprocessing vessels generally operate in the temperature range of
750° - 850°F (400° - 455°C) with a hydrogen partial pressure above 1450psi
[10MPa]3.

The extreme temperature and pressure, in conjunction with

hydrogen, breakdown the carbon-carbon bonds converting heavier oils, such

3
as coke and tar, into lighter transportation fuels such as gasoline and jet
fuel. Thick walled pressure vessels are used by the petroleum industry to
achieve the high temperature and high-pressure atmosphere needed during
refining.

Cr-Mo steels are commonly used for elevated temperature

applications due to their inherent elevated temperature properties and
hydrogen resistance.

1.2 Fabrication of Modern Pressure Vessels
Hydroprocessing vessels are manufactured in different ways by
different fabricators, but the shell courses are either rolled plate with long
seams or seamless ring forgings. Nozzles and other such appurtenances are
generally forgings1. Vessels can be in excess of 46 meters (150’) tall with a
diameter of 4.6 meters (15’) and wall thickness of 13-25cm (5-10”)4.
In recent years, industry has adopted a new process for welding thick
wall pressure vessels called narrow-groove (NG) submerged arc welding
(SAW). NG SAW is similar to conventional SAW with the major difference
being the weld joint configuration. Conventional SAW utilizes a wide bevel,
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V-groove geometry which allows access to the entire joint thickness,
resulting in a large weld deposit volume. NG SAW utilizes a small degree
bevel, which greatly reduces the weld deposit volume therefore lowering
production time and cost.

Photomacrographs illustrating the difference

between conventional and NG submerged arc welding are shown in Figure
1.2.
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Figure 1.2. Photomacrographs illustrating the difference in weld joint configuration
between NG SAW (left) and conventional V-groove SAW (right).

ASME Section VIII - Division II5 and API 9346 govern the fabrication
requirements for heavy wall pressure vessels for high temperature and high
pressure hydrogen service.

These codes provide guidelines and procedures

that must be followed during fabrication as well as the mechanical properties
the vessel must possess after completion. In order for a pressure vessel to
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obtain a code stamp, the fabricator must follow the procedures and meet
and/or exceed all of the listed requirements.
One of the most important requirements during the fabrication of a
vessel is the heat treatment (HT). Proper heating before and after welding is
crucial in determining the properties of a weldment and the longevity of the
vessel. The standards require a preheat, a dehydrogenation heat treatment
(DHT), an intermediate stress relief (ISR), and a final postweld heat
treatment (PWHT). A Preheat of 300°F (149°C) minimum is designed to
control the cooling rate of the base metal heat affected zone (HAZ) and weld
deposit during solidification and must be maintained until the PWHT or ISR
is completed. A DHT [660°F (350°C) – 4hrs] is implemented to remove the
hydrogen from the weld deposit that was introduced due to the arc and/or
shielding used during welding. An ISR [1200°F (650°C) – 4hrs] is designed to
partially relieve residual stresses within the weldment so that the component’s temperature can be lowered to ambient and stored, such that the final
PWHT can be completed at a later date. The final PWHT [1301°F (705°C)
for a minimum of 8hrs] governs several properties such as hardness, creep

7
resistance, and toughness; each of which is important to the structural integrity and lifetime of the vessel. A PWHT is designed to do several things; 1)
lower the residual stresses within the weldment, 2) increase toughness by
allowing the formation of finely dispersed carbides, 3) allow any remaining
hydrogen to diffuse out of the weldment.

The effectiveness of the final

PWHT will depend on the peak temperature, time, and microstructure of the
weldment.
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Chapter 2
Literature Review
2.1 Chromium Molybdenum Steels
Cr-Mo steels have a number of specific advantages for use in pressure
vessels. They have favorable mechanical properties at elevated temperatures
and provide adequate resistance to hydrogen attack by the formation of
chromium and molybdenum carbides.

Cr-Mo alloys allow sufficient

hardenability to through-harden thick sections when water quenched which
allows the use of a quench and temper heat treatment to increase strength
and toughness1.
The history of Chromium Molybdenum (Cr-Mo) steels started Pre
WWII where quenched and tempered Cr-Mo steels were used for reactors in
plants for the production of fuels from coal. Germany was the first country
to use Cr-Mo steels beginning in the 1920s. These vessels were fabricated
from 2.25 to 3.8 Cr-Mo alloys and operated in the pressure range of 30-70
MPa (4-10 ksi)1. These vessels were considered “First Generation” technology

9
and used until the mid-1960s3.

American development on thick section

quenched and tempered low alloy steels for use in welded pressure vessels
began in the early 1950s. Under sponsorship of the Pressure Vessel Research
Committee, a characterization program for 2.25Cr-1Mo steel, as well as other
grades of low alloy steel, was undertaken by R.D. Stout et al7. at Lehigh
University.

His extensive work, along with others such as Griffin &

Emmanuel8 and Lorentz9, allowed Cr-Mo steels to gain popularity and led to
production of the “Second Generation” vessels by the early 1960s. The second
generation unveiled the birth of the modern hydroprocessing reactors
manufactured from heavy wall Cr-Mo alloys with 54J (40 ft-lb) impact
toughness at 10°C (50°F)4.

The “Third and Fourth Generation” vessels

(1970s-1990s) introduced the requirement of a temper embrittlement J-factor,
which limits the level of impurity elements. These generations also saw the
40 ft-lb transition temperature (TT40) reduced to -25°F.

Today,

hydroprocessing reactor technology has evolved into the “Fifth Generation”.
Operating conditions for modern hydroprocessing reactors range from 400°C
(750°F) and 10.3 MPa (1,500 psi) hydrogen partial pressure to above 482°C

10
(900°F) with corresponding hydrogen partial pressures up to 34.5 MPa
(5,000 psi)4. The new generation vessels are constructed from conventional
and modified Cr-Mo steels. Today’s conventional 2.25Cr-1Mo steels have a
40 ft-lb transition temperature typically lower than around -40°F. Vanadium
modified Cr-Mo steels were introduced for service with higher strength levels
and increased hydrogen attack resistance. These grades achieve a 40 ft-lb
transition temperature typically around -20°F3.
As shown in Table 2.1, the addition of 0.25 wt% vanadium to 2.25Cr1Mo steel allowed the wall thickness to be reduced by 132mm at a service
temperature of 482°C. This equates to an estimated $2.5 million in savings
per vessel.

11

10, 11

Table 2.1 Comparison of steels used for hydroprocessing reactor vessels.
Steel Grade

Conventional
2.25Cr-1Mo

2.25Cr-1Mo-0.25V

Conventional
3Cr-1Mo

3Cr-1Mo-0.25V-Ti-B

3Cr-1Mo-0.25V-Nb-Ca

SA-336-F22, Cl.3 (F)
SA-387-Gr.22, Cl.2 (P)

SA-336-F22V (F)
AS-542-D, Cl.4a (P)
Code Case 2098

SA-336-F2, Cl.3 (F)
SA-387-Gr.21, Cl.2 (P)

SA-336-F3V (F)
SA-542-C, Cl.4a (P)
Code Case 1961

SA-336-F3VCb (F)
SA-542-E, Cl.4a (P)
Code Case 2151

ASME VII-2 Max.
allowed temp.

482°C (900°F)

482°C (900°F)

454°C (850°F)

454°C (850°F)

454°C (850°F)

API 941 (Nelson Curve)
temperature limit for
>13.8 MPa service

454°C (850°F)

510°C (950°F)

510°C (950°F)

510°C (950°F)

510°C (950°F)

Tensile strength
(Room temperature)

515 - 690 MPa
(75 – 100 ksi)

585 – 760 MPa
(85 – 110 ksi)

518 - 690 MPa
(75 – 100 ksi)

585 – 760 MPa
(85 – 110 ksi)

585 – 760 MPa
(85 – 110 ksi)

Yield strength
(Room temperature)

310 MPa
(45 ksi)

415 MPa
(60 ksi)

310 MPa
(45 ksi)

415 MPa
(60 ksi)

415 MPa
(60 ksi)

150 MPa at 454°C
(21.9 ksi at 850°F)

199 MPa at 454°C
(28.9 ksi at 850°F)

131 MPa at 454°C
(19.0 ksi at 850°F)

178 MPa at 454°C
(25.8 ksi at 850°F)

164 MPa at 454°C
(23.8 ksi at 850°F)

117 MPa at 482°C
(17.0 ksi at 900°F)

164 MPa at 482°C
(23.8 ksi at 900°F)

90 MPa at 482°C
(13.1 ksi at 900°F)

145 MPa at 482°C
(21.0 ksi at 900°F)

-

338 mm at 454°C

298 mm at 454°C

392 mm at 454°C

307 mm at 454°C

307 mm at 454°C

442 mm at 482°C

310 mm at 482°C

-

-

-

454°C design: reactor
weight typical cost

1038 metric tons
$8.61 Million

916 metric tons
$8.51 Million

1203 metric tons
$9.6 Million

944 metric tons
$8.61 Million

944 metric tons
$8.68 Million

482°C design: reactor
weight typical cost

1359 metric tons
$11.4 Million

953 metric tons
$8.85 Million

-

-

-

ASME Spec
Or Code Case

ASME VII-2Design
stress intensity value,

Wall thickness
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2.2 Characteristics of 22V
In 1991, ASME Code Case 2098 approved the use of several grades of
vanadium modified Cr-Mo steels for hydroprocessing reactors.

The first

reactor was manufactured in 1995 at Nuovo Pignone, Italy11 and by the year
2006 over 200 vanadium modified reactor vessels had been fabricated around
the world3.

The introduction of vanadium creates a fine dispersion of

vanadium carbides in the ferrite matrix which: 1) strengthens the Cr-Mo
steel by the precipitation of vanadium carbides thus, reducing the wall
thickness and overall cost, 2) provides resistance to hydrogen embrittlement,
by trapping diffusible hydrogen, and 3) improves creep resistance due to the
stability of vanadium carbides at elevated temperatures. Unfortunately, the
same vanadium additions which improve the alloy’s properties, also causes
fabrication issues due to increased susceptibility of reheat cracking.

13

2.3 Microstructure of 22V
The properties and microstructure of steel are governed by the
amount of solute (primarily carbon) and the phase transformations it
undergoes during processing.

Therefore, the understanding of these

transformations is essential in order to fully comprehend the microstructures
associated with 22V. Pure iron solidifies as a body-centered cubic structure
known as delta ferrite (δ). Upon further cooling, it transforms into a facecentered cubic structure termed gamma (γ) iron or austenite. The austenite
subsequently transforms back into a body-centered cubic structure known as
alpha (α) iron or alpha ferrite. The microstructure and constituents present
will depend on the cooling rate and can be estimated by using a continuous
cooling transformation (CCT) diagram, shown in Figure 2.1.

The basic

transformation products of 22V range from ferrite through upper and lower
bainite to martensite. 22V is a low alloy steel generally used in the rapidly
cooled and tempered condition with the base metal microstructure being
primarily bainitic. Bainite generally consists of a fine non-lamellar structure
of carbides and dislocations in ferrite12. Bainite forms by the transformation
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of carbon-supersaturated austenite with the subsequent diffusion of
carbon and the precipitation of carbides13.

The size and distribution of

carbides depends on the temperature of transformation for a particular alloy
system.

Upper bainite forms at higher temperatures and has a feathery

appearance, while lower bainite forms at lower temperatures and has an
acicular appearance14. A photomicrograph illustrating the typical bainitic
microstructure of a 22V plate base metal is shown in Figure 2.2.
A previous study by Burgess and Lundin15, revealed that the primary
constituents in 22V weldments was bainite and in some instances, a mixture
of bainite and martensite.

The overall morphology of the bainitic and

martensitic structure proved to be rather complicated.

The as-welded

microstructure consists of lathed martensite and/or bainite mixed with
granular bainite.

The microstructure within the prior austenite grain

boundaries can be divided into “packets” or sometimes called co-variant
packets. A packet is defined as “an area of parallel arrays seen on an etched
surface

forming

from

the

transformation

of

austenite

to

lower

transformation products”. Essentially, a packet is a region of lath created

15
during the transformation from austenite to bainite/martensite at the
prior austenite grain boundary. Since the nucleation of bainite/martensite
can occur at multiple locations along the grain boundary, it is common for
one or more laths to nucleate and grow simultaneously. The nucleation and
growth of these laths are independent of one another and therefore the laths
generally have unique orientations.

Upon the completion of the

transformation, the laths (i.e. packets) interest at which point a packet
boundary or subgrain boundary is formed. A schematic illustration of the
packet morphology is shown in Figure 2.3.
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Figure 2.2. Photomicrograph of the bainitic microstructure typically found in 22V plate
base metal, Noren’s etch, 100X.
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Figure 2.3. Schematic illustrating a bainitic microstructure and the “packet” appearance
within the prior austenite grain boundary, (a) morphology of austenite transforming into
17
lath bainite , (b) transformed grain showing the orientation of the packets within the

grain boundary17, (c) 22V base metal coarse-grained HAZ showing the different packet
orientations, Wazau’s reagent, 500X.
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Weld deposit microstructure can be quite complex due to the many
variables that influence solidification and bead overlap.

Heterogeneous

nucleation along the weld fusion boundary initiates the solidification process
and epitaxial growth occurs from the fusion boundary. The solidified grains
inherit the crystallographic orientation of the parent base metal grains or the
previously deposited weld metal in multi-pass welds.

The easy growth

direction (<100> for BCC & FCC materials) and the maximum temperature
gradient govern the solidification grain orientation and the solidification
substructure. After the initial epitaxial growth at the fusion boundary, welds
tend to have a dendritic or cellular growth mode shown in image “A” of
Figure 2.4.

Image “B”, in Figure 2.4, is a photomicrograph of a cellular

dendritic microstructure from the as-welded surface of an autogenous gas
tungsten arc weld in 22V. Cellular dendritic growth results when the extent
of supercooling is increased sufficiently to support branched growth along
<100> easy-growth directions (at right angles), but the extent of
supercooling is insufficient to support a columnar dendritic growth mode.
Lower temperature transformation products (martensite/bainite) are also
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apparent in Image “B”.

The directional features show that the

transformation products cross the cellular dendritic sub-grain boundaries
creating a lath-like appearance within a given grain.

Note that the

orientation of the transformation products is constant within a given grain
but changes from grain to grain due to the different crystallographic
orientation of each grain. Also, the cellular dendritic substructure does not
perturbate the transformation product pattern, which indicates that the
cellular dendrites are similarly oriented.
During weld deposit solidification micro-segregation takes place due to
the redistribution of solute elements to the grain and sub-grain boundaries as
shown in Figure 2.4 ”C”. During the solidification to delta ferrite, the cores of
the cellular dendrites are rich in ferrite formers and thus the austenite
formers and impurity elements are rejected into the liquid adjacent to the
solid-liquid interface. The solute rejected during solidification is concentrated
at the cellular dendritic substructure boundaries and the along grain
boundaries. This micro-segregation can lead to local differences in mechanical
properties and the segregated elements can increase the susceptibility to
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reheat cracking. In general, if the grain boundaries are highly saturated
with carbide forming and/or low melting impurity elements exacerbation of
reheat cracking can be expected. When segregation is present in a coarsegrained structure, the inner grain matrix region may be lower alloyed due to
the alloying elements being rejected to the grain boundaries.

During

tempering/PWHT, high concentrations of carbide forming elements along the
boundaries increase the extent of carbide precipitation and carbide
coarsening, thus creating regions which are heavily precipitated with carbides
and

the

surrounding

region

becomes

denuded

in

carbides/carbon.

Furthermore, the occurrence of chemical inhomogeneities involving the
substitutional alloy elements cannot be completely equilibrated even after
prolonged exposure at elevated temperatures.

Many of the mechanical

properties, such as creep performance and hydrogen resistance, for which the
22V alloy was designed to impart, are based on a fine dispersion of carbides
and therefore segregation can have an adverse effect on these properties.
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Figure 2.4. Photomacrographs and schematic of micro-segregation. (A) Schematic of
cellular dendritic growth used to show micro-segregation at the liquid/solid interface, (B)
photomicrograph of a cellular dendritic microstructure in a 22V as-solidified weld deposit
illustrating the grain boundaries and sub-grains formed during solidification, un-etched,
150X, (C) photomicrograph of a narrow gap 22V SAW coarse-grained weld deposit
region illustrating the presence of micro-segregation along grain boundaries, 2% Nital
etch, 150X magnification.
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It is important to note that, in welding inhomogeneity occurs due to
the

inability

of

alloying

elements

to

diffuse

uniformly

throughout

microstructure and the incomplete solution of carbides as a result of the rapid
thermal cycle. Therefore, a conventional CCT diagram can only be used as a
general guideline for predicting weld deposit microstructures.

In order to

accurately predict the on-cooling microstructures, a weld HAZ CCT diagram
must be derived using the heating and cooling conditions present during
welding18.

2.3.1 Base Metal Heat Affected Zone
The welding thermal cycle governs the microstructural effects in the
HAZ depending on the peak temperature achieved and cooling rate.

At

high temperatures, close to the fusion boundary, the material has been fully
transformed to austenite and a grain-coarsened region is formed at peak
temperatures above 2,000°F due to the growth process. Further away from
the fusion boundary, at lower peak temperatures (<2000°F to the AC3), the
material is fully transformed to austenite but no grain-coarsening occurs
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thus resulting in a grain-refined region. At temperatures below the AC3
and above the AC1, the material undergoes a partial transformation to
austenite forming the partially refined or intercritical HAZ region (IC HAZ).
At temperatures below the AC1, a subcritical zone (SC HAZ) exists, in
which the structure undergoes tempering with no phase changes.

The

schematic shown in Figure 2.5 can be used to compare the microstructural
regions of a weld with the metastable phase diagram.

However, the

representation ignores the major differences between the weld thermal cycle
and the conditions that are utilized in establishing phase diagrams. Welding
can induce rapid heating ~3000F°/sec and cooling ~500F°/sec, resulting in
conditions far from equilibrium18.

The diagram can be used as a general

illustration to show the location of sub-zones that represent the different
types of microstructures and/or mechanical properties. When reviewing the
diagram one should remember the changes in the heat affected zone are
dependent upon the prior thermal and mechanical history of the base
material. The microstructure of a typical 22V base metal HAZ, along with a
pseudo-imposed schematic of the various regions, is shown in Figure 2.6.
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Figure 2.5. Schematic diagram of the various sub-zones of the HAZ approximately
corresponding to the alloy C0 (0.15 wt% C) indicated on the Fe-Fe3C metastable phase
19
diagram .
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Figure 2.6. Schematic and corresponding microstructure of a 22V base metal HAZ illustrating the various regions and
surrounding microstructure, 10% ammonium persulfate etch, 15X magnification.
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2.3.2 Weld Deposit Heat Affected Zone
In general, welds beads in multipass deposits partially alter the
previously deposited weld microstructure and improve the toughness by the
overlapping/grain refinement and tempering affects. The reasons being that:
1) each subsequent weld thermal cycle effectively transforms a portion of the
previously deposited weld metal creating a grain-coarsened area and a grainrefined/partially refined region, and 2) these subsequent weld passes also
temper portions of the previously deposited weld. The weld metal and/or
base metal directly adjacent to the newly deposited weld bead will be
reheated and undergo a transformation to austenite and upon cooling the
transformed regions will create a heat-affected zone. Weld metal and/or base
metal further away from the newly deposited weld bead (at regions below the
AC1 temperature) will not undergo a transformation but will experience
tempering due to the weld thermal cycle.
In a two-pass per layer bead sequence (Figure 2.7), the overlapping of
beads at the weld centerline create a “Zigzag Region” (ZZR) in the through
thickness direction that contains the various weld deposit HAZ (WM HAZ)
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microstructures. The schematic, in Figure 2.7A, illustrates the overlapping
effects of a multi-pass weld and the weld deposit HAZ of each pass.
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Figure 2.7. Schematic of a narrow-groove weld deposit HAZ in a multi-pass weldment.
(A) overlapping weld deposit HAZs, (B) schematic of ZZR, (C) macrograph of SAW
with a two-pass per layer weld bead sequence showing the zigzag region, as-welded
condition, 10% ammonium persulfate etch, 3X magnification.
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The weld deposit HAZ (WM HAZ) will experience the same thermal
cycles as the BM HAZ but the transformation in the respective regions may
vary due to the differences in starting microstructure. As shown in Figure
2.8, a section of a 22V coarse-grained weld deposit was welded to a 22V base
metal so as to illustrate the microstructural differences between the base
metal HAZ and weld deposit HAZ. An autogeneous gas tungsten arc weld
was used to join the two pieces.
In comparison, the weld deposit HAZ (WM HAZ) has a noticeably
different appearance than the base metal HAZ (BM HAZ). The BM HAZ is,
as anticipated, and all of the typical HAZ regions are clearly revealed. In the
weld deposit HAZ there is significantly less grain-refinement and since the
prior microstructure of the weld deposit is coarse-grained there is almost no
exacerbation of grain size. Also, note the darkened appearance of the IC &
SC regions of the weld deposit heat affected zone.
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Figure 2.8. Micrograph of 22V SAW weld deposit joined to a 22V base metal to
illustrate the different appearances of the heat affected zones, 10% ammonium persulfate
etch, 45X magnification
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2.4 Carbide Formation
Much of the strength and properties that are associated with 22V can
be attributed to the fine dispersion of carbides throughout the ferrite
matrix.

Upon PWHT, these carbides can coarsen changing the steel’s

properties. There are various types of carbides occurring in Cr-Mo steels,
such as MC, M2C, M3C, M4C3, M7C3, M6C, and M23C6 where “M” denotes a
sum of carbide-forming (metal) elements. The type, size, distribution, and
morphology

of

carbides

depend

on

the

chemical

composition,

microconstituents present, and the temperature and time of tempering20.
Backer and Nutting21 reported on the sequence of carbide evolution during
tempering in quenched and in normalized 2.25Cr-1Mo steels. They stated
that the types of carbides present in Cr-Mo steels are dependent on the
starting microstructure, heat treatment, and time of the heat treatment.
The equation shown below summarizes their findings:

M3C

ε‐Carbide

M3C

M7C3

+
M2X

M23C6

M6C

Equation 1
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Prior to tempering, martensitic microstructures contain very fine
metastable carbides, usually epsilon carbides, which can be described as
Fe2.4C22. Bainitic microstructures contain a mixture of epsilon carbides and
cementite (M3C)23. At the onset of tempering, any epsilon carbides within
the microstructure will transform to cementite.

On further tempering,

Mo2C appears in the matrix along with the M3C already in place and
appears to precipitate homogeneously from diffuse zones23. Mo2C carbides
have a considerable solubility for other alloying elements especially
chromium, therefore at this point, the carbide sequence splits with the
formation of chromium-rich (M7C3) and Fe-Cr-rich (M23C6) carbides. M23C6
carbides nucleate and grow at grain boundaries as large spheroidal particles
while M7C3 nucleate at the M3C/matrix interface. M7C3 and M23C6 coarsen
and grow by consuming other carbides, consequently reducing the number of
M3C and M2C carbides.

The last carbide to form, M6C3, grows at the

expense of all other carbides and is believed to be the equilibrium
precipitate in 2.25Cr-1Mo steel23.

An isothermal diagram showing the
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sequence of carbide formation upon tempering by Baker and Nutting21, is
shown in Figure 2.9.
Indacochea et. al24,

25

reported similar findings as Baker and Nutting

stating that, M7C3 is based on chromium carbide Cr7C3 which always has
high chromium content and forms at the expense of Fe, Mn, Mo, V, and Ni.
They found that Cr7C3 nucleates in the vicinity of cementite, at the
interface between the carbide and the ferrite matrix and that M23C6 is based
on the Cr23C6 chromium carbide. M6C is described to be a triple carbide
with a composition varying between Fe4Mo2C and Fe3Mo3C, and forms
along grain boundaries from chromium and vanadium. M2C is molybdenum
rich carbide, which can absorb large amounts of chromium and vanadium.
The Mo2C carbide is believed to be completely coherent when first formed
and when it grows into well-defined flattened needles it is believed to lose
some of its coherency with the matrix24.
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Figure 2.9. Isothermal diagram showing the sequence of carbide formation upon
tempering of Cr-Mo Steel21.
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Modified Cr-Mo-V steels exhibit a similar carbide evolution as
conventional Cr-Mo steels.

The addition of vanadium allows for the

precipitation of slow growing vanadium-rich carbides (VC) upon tempering
or postweld heat treatment. The precipitation of VC was found to occur
directly from the matrix, unlike the Mo2C, and did not depend on the
formation of other carbides26.

VC carbides were observed to have a fine

spherical shape during the early stages of tempering27 while coarsened V4C3
carbides, were described as rodlets28,
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, and/or platelets21.

The ease of

precipitation and stabilization at high temperatures result in vanadium
being one of the most potent elements in promoting creep resistance18.
Zhong-Guang et al.30, studied the carbide morphology of Cr-Mo-V
alloy and concluded that the carbides in the un-tempered state could be
categorized roughly on the basis of their location in the matrix, grain, or
subgrain boundaries. Matrix carbides are generally, Fe-rich M3C, Mo-rich
M2C, as well as V-rich VC or V4C3, carbides. Carbides located on grain or
subgrain boundaries were usually Cr-rich M7C3 or M23C6 carbides.
Yongtao31 used a quantitative analysis of carbide precipitation to
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show the tempering effects of a 2.25Cr-1Mo-0.25V alloy. TEM electron
micrographs of extracted carbides at 2, 5, and 10 hours of tempering at
720°C are shown in Figure 2.10.

MC, M7C3, and M23C6 carbides were

observed after 2 hours of tempering. At 5 hours, the mass fraction of MC
and M7C3 carbides increased by ~0.1%, while the percentage of M23C6
carbides slightly decreased. 10 hours of tempering yielded a sharp increase
in M7C3 carbides (0.5%) and a significant decrease in MC carbides (0.3%),
while the amount of M23C6 remained relatively constant. It is interesting
that Mo-rich (M2C) carbides were not observed but a clear illustration of
carbide evolution is apparent in TEM images in Figure 2.10.
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Figure 2.10. Transmission electron micrographs of extracted carbides after tempering at
720°C for (A) 2 hours, (B) 5 hours, and (C) 10 hours. A plot of the mass fractions for
31
each of the tempering conditions is shown in (D) .

The identification of carbides can be a difficult task and usually
requires the use of an electron microscope. B.J. Shaw32 devised an efficient
method to identify carbides using a scanning transmission electron
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microscope (STEM).

His method uses carbide extraction methods to

determine the carbide type, density, distribution, size, shape, and
composition.

Based on Shaw’s work, researchers can also use a more

conventional scanning electron microscope (SEM) to quickly estimate the
types of carbides present using the particle shape, size, and EDS results. A
list common carbides found in Cr-Mo steels with their corresponding
chemical compositions is shown in Figure 2.11.

Figure 2.11. Average chemical composition of carbides (atomic percent) commonly found
in Cr-Mo Steels33.
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2.5 Creep Behavior
Creep is defined as time-temperature dependent deformation of a
material under stress and is a vital property to high temperature pressure
vessels.

ASME Section VIII Div. 2 paragraph 3.4.4.5 states that 22V

procedure qualification welds must be subjected to creep testing at 1000°F
(537°C) @ 30ksi [207MPa] and the failure time must exceed 900 hours.
Creep resistance is governed by the formation of stable precipitations of
carbides in the microstructure due to tempering and heat treatments.
Superior creep properties are achieved with finely dispersed carbides
throughout the ferrite matrix, which will not agglomerate at the service
temperature. As the carbides precipitate, they become coarser and grow in
size, thus lowering their ability to strengthen the matrix.

The inherent

strength of the matrix is derived from solid solution strengthening, which
results from the distortion of the solvent lattice by the solute atoms24.
Creep damage of Cr-Mo steels have been widely studied34-42 and the
predominate mechanism used to describe creep is based on the testing
temperature, strain rate, and the material being characterized.

At low
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temperatures, relative to the melting point of the solid, the dominant
deformation mechanisms are slip and twinning37. At low stresses and high
temperatures, Nabarro and Herring36 theorized that the creep process was
controlled by stress directed atomic diffusion.

At intermediate to high

stress levels and test temperatures above one-half of the melting
temperature, creep deformation is believed to be dependent on the diffusioncontrolled movement of dislocations35.

The carbide precipitates prevent

dislocation movement and the motion of slip planes within the steel thus
giving the desired creep resistance properties.

Therefore, the size, shape,

and distribution of the carbides along grain boundaries and within the
ferrite matrix is of utmost importance.

Excessive PWHT time at high

temperatures will allow carbides to coarsen to large undesirable sizes, due to
the phenomena known as Ostwald Ripening.

2.6 Reheat Cracking (RHC)
RHC, or stress relief cracking, is a potential problem that can occur in
Cr-Mo steels containing less than 3% chromium43, 44. “RHC is manifested by
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low rupture ductility and intergranular fracture along prior austenite
grain boundaries, typically occurring in the coarse grained base metal HAZ
or coarse grained weld deposit, after an initially sound weldment has been
subjected to a PWHT”1. During PWHT carbides, particularly Mo2C and
VC precipitate causing an increase in grain matrix strength.

Secondary

hardening of the grain interiors due to carbide precipitation was noted by
several researchers45-49. These carbides are coherent or semi-coherent with
the iron matrix and are known to be stable for prolonged times at elevated
temperatures49-52.

When the grain matrix strength is increased by

precipitation, deformation is therefore restricted to the grain boundaries.
“Although the total strain is small, locally high strain concentration in the
grain boundaries exceeds the ductility of the grain boundaries resulting in
cavitation and rupture”18.
Solidification segregation, also called microsegregation, can increase
the level of low melting elements along grain boundaries and can increase
the susceptibility to RHC. Impurities elements, such as Pb, Bi, S, among
others, are rejected from the solid-liquid interface during the cellular
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dendritic growth of the weld deposit. The segregation of elements in the
solid as the molten weld deposit rapidly cools can be described by the
distribution coefficient, “K”.

The distribution coefficient defines the

propensity for elements to solidify either in the grain interiors or at the
grain and dendrite interstices. “K” is determined by calculating the ratio of
the elemental concentration in the solid (CS) divided by the elemental
concentration in the liquid (CL) using an equilibrium phase diagram53.
Most elements in iron exhibit a “K” value less than one, and therefore
tend to segregate along grain boundaries. Those elements in iron having the
smallest “K” have the greatest effect on segregation.

Alloying elements

(such as chromium, molybdenum, and vanadium) which act to strengthen
the alloy have distribution coefficients close to one and thus do not have a
high tendency of segregation to grain and dendrite boundaries.

Tramp

elements (such as sulfur, phosphorus, and boron) have distribution
coefficients near zero and exhibit a high propensity to segregate to grain
boundaries during solidification54.

Solidification segregation of impurity

elements results in boundary enrichment and they do not act to strengthen
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the matrix.

The distribution coefficients of some common alloying

elements and common tramp elements in delta iron are provided in Table
2.2. The embrittlement of grain boundaries by preferential segregation of
tramp elements has been shown to be a precursor to reheat cracking47, 49, 52.
This theory was noted after differences in reheat cracking sensitivity were
found to deviate on a heat-to-heat basis. In an extensive study of Cr-Mo
steels, Lundin et al. noted that phosphorus was found on fracture surfaces of
embrittled grain boundaries46,
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.

Heo et al. proposed a theory wherein

tramp elements (notably phosphorus) embrittle grain boundaries by
allowing the formation of incoherent carbides thus forming cracks along the
carbide-grain boundary interface52.

Conversely, Nawrocki and DuPont

noted that tramp element segregation did not play a role in reheat cracking
and attributed cracking to the formation of vanadium rich carbides, which
retarded the softening of the ferrite matrix49.

Thus, there is some

controversy as to the reheat cracking mechanism in the welding research
community.
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Table 2.2. Condensed list of distribution coefficients of selected elements in delta iron54.

Element
Chromium
Molybdenum
Vanadium
Tungsten
Aluminum
Cobalt
Manganese
Nickel
Silicon
Copper
Hydrogen
Nitrogen
Titanium
Phosphorus
Boron
Oxygen
Sulfur

Distribution Coefficient, “K”,
For given elements in delta iron
0.95
0.80
0.90
0.95
0.92
0.90
0.84
0.80
0.66
0.56
0.32
0.28
0.14
0.13
0.05
0.02
0.02

*coefficients near zero exhibit a high propensity to segregate to grain boundaries during
solidification
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Reheat cracking occurs during a PWHT when stress relief takes
place due to the lowering of the yield strength and carbide formation (which
was originally prevented due to the rapid cooling of the weldment) takes
place and grain boundaries are weakened, allowing cracks to form1. During
a PWHT, stresses are relieved through a recovery and relaxation process in
which plastic deformation of grains and grain boundary sliding occur due to
elevated temperatures lowering the material’s yield strength. As previously
stated, elevated temperatures allow for secondary hardening within the
grain matrix and therefore the relaxation process is concentrated at grain
boundaries. However, due to solidification segregation, the grain boundaries
are enriched with tramp elements as well as the principal alloying elements.
Higher diffusion rates along grain boundaries enable a higher level of carbide
coarsening along grain boundaries as compared to carbides within the
matrix.

Therefore, grain boundary carbides become incoherent with the

grain matrix because high diffusivity paths along the grain boundaries allow
carbide evolution to occur at a greater rate than in the grain interiors.
Thus, strain in the weldment must be accommodated in the weakened grain
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boundaries as opposed to the grain matrix which possesses a greater
strength56.

The accumulation of strain along grain boundaries can

potentially cause intergranular cracking, known as reheat cracking57, 58.
In order for residual stresses to be relieved, the yield strength must be
decreased allowing plastic flow to occur. Reheat cracking occurs when the
majority of plastic flow is concentrated along grain boundaries and the
boundaries cannot accommodate the local strains. As a precursor to grain
boundary rupture, cavitation and voids form along the grain boundaries by
particle decohesion which, coupled with grain boundary strain, eventually
leads to intergranular rupture50,

57-60

.

A schematic of the microstructural

changes that lead to reheat cracking caused by precipitation strengthening
and particle decohesion is shown in Figure 2.12.
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A

A. 1315°C (2400°F)

γ

‐The matrix consist of 100% austenite after transforming
from delta ferrite.
‐Elements are dissolved in the matrix.

γ
Stress

B. After cooling to room temperature

B

‐Martensite and/or bainite has formed due to rapid
cooling from austenite.
‐Alloying elements are dispersed throughout the matrix.

Stress

Stress

C. Early stages of exposure to elevated temperatures

C

‐Carbides form in the grain and dendrite boundaries.
‐Carbides on grain boundaries grow at increased rates
due to the high diffusivity rates.

Stress

Stress

D. With further time at elevated temperatures.
‐Carbides in the grain interiors have strengthened the matrix.
‐Carbides coarsen and evolve on grain boundaries

D
Stress

Stress

E
Stress

E. Grain boundary decohesion
‐Voids have formed along grain boundaries due to
carbide decohesion and the plastic deformation required
to reduce stresses.

Figure 2.12. Microstructural changes from austenite in two adjacent grains leading to
reheat cracking due to the precipitation strengthening mechanism, adapted from Trent56
and Nawrocki49.
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Glossop61

was

one

of

the

first

researchers

to

study

the

microstructure of cracked Cr-Mo-V weldments and their susceptibility to
reheat cracking. He concluded that, carbides along grain boundaries were
found to be initiation sites for cavities, eventually leading to decreased
ductility along weakened grain boundaries. Nawrocki49, Lundin et. al45, 46, 62,
noted coarsened, incoherent M3C carbides on grain boundaries of Cr-Mo
alloys that were found to be susceptible to reheat cracking while vanadium,
tungsten, and chromium carbides formed in the grain interior leading to
matrix strengthening
In a study by Edwards, a low chromium, high vanadium steel
exhibited a denuded zone prior to stress relief cracking58.

Studies by

Lundin, Meitzner, and Pense found no correlation between denuded regions
and reheat cracking63, 64. Furthermore, Lundin’s studies showed that reheat
cracking occurred after only minimal amounts of time (1-30 minutes in some
cases) upon reaching critical temperatures (567-678°C (1050-1250°F)) which
would not allow the necessary time for a denuded region to form45,

60, 65

.

Swift elaborated by noting that the denuded zones only formed after a

50
significant amount of time at an elevated temperature where the strains
necessary to drive reheat cracking would have already been relieved50.
The mechanism solely responsible for reheat cracking is complex due
to the many variables and unknowns.

Vinckier and Dhooge theorized a

combination of mechanisms wherein segregation of tramp elements
combined with precipitation strengthening is necessary for reheat cracking
to occur66. These findings are consistent with the majority of other studies
noting that both impurity segregation and precipitation strengthening are
correlated with reheat cracking.

2.6.1 Reheat Cracking Tests for 22V Weld Deposits
There are currently three methods which can be used to determine
the susceptibility of reheat cracking for 22V weld deposits; a group
sponsored test methodology67, a fabricator sponsored methodology68, and the
notched C-Ring reheat cracking test (NCRRCT)56.
The group sponsored test methodology67, often called the “Gleeble
Test”, was developed by researchers from Industeel and ArcelorMittal in
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France.

The test involves a slow strain rate (2.10-3/s) test of samples

machined from weld deposits which eventually leads to sample rupture.
The test is carried out by extracting long cylindrical samples from a weld
deposit in the longitudinal weld direction. The specimens are placed in the
“Gleeble” and rapidly heated (within 3 min) to the desired test temperature
and held for 30 min before the slow strain rate portion of the test is
initiated and the specimen elongates and eventually ruptures. This uniaxial
test relies on the calculation of %RA to characterize the reheat cracking
potential of the weld deposit. The Gleeble test provides testing parameters
to allow the test to be reproduced, though the methodology is not described
in great detail.

The group sponsored program appears to be impractical

because employs the use of a Gleeble (expensive testing equipment) and uses
a continuous strain rate, which is not realistic to what occurs in an actual
weld during PWHT.
The fabricator sponsored test methodology68 was developed by GE in
Italy. This test employs a long sample machined from a weld deposit that is
uniaxially loaded in a proprietary testing apparatus by a hydraulic loading
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device.

The testing apparatus (and stressed sample) are placed in a

furnace to simulate an intermediate stress relief heat treatment (ISR). It is
assumed that the sample is fractured using the hydraulic assembly after
removal from the furnace. The specimen fracture surface is analyzed using
an SEM method to determine the area percent of intergranular fracture and
then the samples are sectioned for a metallurgical analysis of the weld
region. In conjunction with the testing results, statistical software is used to
rank the welding consumables susceptibility to reheat cracking. As with the
group sponsored test, there is little information regarding the details of the
test. The stress/strain levels, testing temperature, and time are omitted in
the description of the test method. The fabricator method allows for stress
relaxation which is very close to what actual welds experience during heat
treatment.

However, it requires the use of expensive equipment by

employing an SEM to analyze the fracture surface and the use of statistical
software to rank the welds susceptibility to reheat cracking.
The notched C-Ring reheat cracking test (NCRRCT)56 was utilized
by Trent and Lundin at The University of Tennessee – Knoxville.

The
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NCRRCT methodology was based on the ASTM Stress Corrosion
Cracking Standard G38 and was originally developed for prediction of RHC
in the weld HAZ in the mid-to-late 1980’s69.

At that time, the most

common form of reheat cracking in Cr-Mo welds resulted in cracking in the
coarse-grained region of the base metal heat affected zone. The Materials
Properties Council, in conjunction with the University of Tennessee,
adopted the specimen geometry from ASTM G38 and developed a new
method to evaluate the RHC sensitivity of submerged arc weld deposits.
The NCRRCT utilizes a notched “C-Ring” machined from a weld deposit.
The C-Ring is machined, notched, and stressed to one of four clearly defined
stress levels using a loading bolt. The stressed C-Ring is heated in a furnace
to simulate an ISR heat treatment to allow for a natural stress relaxation to
take place. After the ISR exposure the root of the notch is cleaned and
examined for cracks using a microscope at magnifications less than 50X.
The presence of a crack will denote a “fail”, as the test is a simple “pass” or
“fail” test. This simple test is able to rank welding consumables for reheat
cracking sensitivity without any expensive or elaborate testing equipment.
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A photomacrograph of a C-Ring is shown in Figure 2.13. Notice that the
notch is placed in the center bead stack region, as it contains coarse grains
and therefore the most susceptible region to RHC.
The C-Ring is stressed using a loading bolt (machined from the same
material) to a known deflection which corresponds to a given stress. The
suggested stress magnitudes are: 55Ksi (380MPa), 70Ksi (480MPa), 85Ksi
590(MPa) and 100Ksi (690MPa) and the corresponding deflection for each
of these stresses, as calculated using ASTM G-38, is presented in Table 2.3.
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Figure 2.13. A notched C-Ring reheat cracking test specimen showing the correct
placement of the notch traversing several overlapping weld bead passes in a narrow gap
weld deposit, ~4X56.

Table 2.3. Calculated notched C-Ring reheat cracking sample test deflections calculated
using (ASTM G-38) and a wall thickness at the root of the notch.
Stress Magnitude

Deflection (inches)

Deflection (mm)

55Ksi (380MPa)

0.014

0.37

70Ksi (480MPa)

0.018

0.47

85Ksi (590MPa)

0.022

0.57

100Ksi (690MPa)

0.026

0.67
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Trent and Lundin successfully utilized the NCRRCT to evaluate
the susceptibility to reheat cracking for 18 unique 22V weld deposits during
the HPV-PREVENT program.

They concluded that the NCRRCT test

could accurately rank the reheat cracking susceptibility of welding processes
and consumables on a pass/fail basis. And that small amounts of lead and
bismuth are highly detrimental to the reheat cracking sensitivity of 22V. A
photomacrograph of a tested C-Ring illustrating the presence of cracks at
the root of the notch is shown in Figure 2.14. Additional details on the
testing methodology and a complete list of conclusions is available on the
University of Tennessee’s thesis webpage under; Trent, Maxwell Calder,
"Development and Use of a Simple Test Method to Evaluate Reheat
Cracking Sensitivity in the Weld Deposit Region of a Submerged Arc Weld,
"Master's Thesis, University of Tennessee, 2012.
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Figure 2.14. C-Ring after cleaning in a 50/50 hydrochloric acid/water solution showing
the typical cracking appearance at the root of the notch, 6X and 50X56.
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2.7 Toughness
Toughness is the ability of a material to absorb energy and deform
without fracture. Similar to the base metal toughness previously mentioned,
API 934A6 sets the average toughness for the deposited weld metal at 55J @
-20°F. Toughness is important to pressure vessels because of the minimum
pressurization temperature (MPT).

Vessels which possess high toughness

can be pressurized at a lower temperature and therefore save time and
energy between shutdowns.

The MPT is based on the transition curves

derived from Charpy V-Notch (CVN) specimens tested at different
temperatures. CVN data is plotted against the amount of absorbed energy
vs. test temperature so that the upper shelf, transition temperature, and
lower shelf can be determined (Figure 2.15).
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Figure 2.15. Weld Metal CVN Transition Curves at Different Heat Treatment
Conditions for Standard Cr-Mo and Cr-Mo-V Steel70.

Increasing carbon content raises the transition temperature and
decreases the upper-shelf fracture energy.

Interstitial elements, such as

oxygen, nitrogen and hydrogen will also reduce the notch toughness of
steels71. Due to the preferred orientation of the weld deposit, CVN results
can be anisotropic and largely dependent on orientation of the notch vs. the
welding direction. Generally, a fined grain size will exhibit better toughness
results when compared to larger coarse-grained microstructure.

The

dominant features on the fracture surfaces of structural metallic materials
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are dimples which have been associated with a fracture process due to
“void coalescence”. Void nucleation is suggested to be more probable along
grain boundaries or at inclusions due to interfacial energy. The inclusion
density affects primarily the strain required for void coalescence, i.e. the
more inclusions the less strain required to nucleate a void72. A PWHT will
lower residual stress within the weld deposit and allow the material to
become more ductile and therefore increase toughness.

However,

precipitates formed during PWHT may be detrimental to toughness. For
this reason, creep and toughness are inversely proportional and a balancing
act can arise whenever fabricators try to obtain sufficient property levels for
both.

2.8 Hydrogen Resistance
Hydrogen attack is an elevated temperature phenomenon where
dissolved hydrogen in the steel reacts with the carbon or carbides in the
steel to form methane10.

Methane formed within the steel is trapped

because the methane molecules are too large to diffuse out of the steel. As
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more nascent hydrogen converts to methane the internal pressure can
build to high levels, thus allowing the formation of voids or cracks.
Generally, methane will coalesce at regions of high carbon concentrations
along grain boundaries, fissures, or voids.

Hydrogen embrittlement

generally occurs below 300°F (150°C) and it is of most concern for high
strength steels during shutdown conditions. Hydrogen can diffuse into the
pressure vessel walls during operation and can build up to a concentration of
6-7 ppm. Spontaneous hydrogen cracking may occur if the reactor is cooled
too quickly and the hydrogen is not allowed to diffuse out of the steel10.
Landes and McCabe73 used a fracture mechanics related approach to
evaluate the performance of Cr-Mo steels in a simulated hydrogen
environment and found 2.25Cr - 1Mo steels will suffer from environmentally
enhanced crack growth and the toughness level of the material, in terms of
K1, was reduced by a factor of at least three.

The addition of carbide

forming elements reduces the susceptibility of hydrogen attack by lowering
the amount of carbon available to form methane. Carbon is used to form
VC type carbides, among others, leaving less carbon present to form
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methane. The presence of strong carbide formers then provides three-fold
benefits; strengthening, methane pressure reduction, and slower methane
formation74.

A Nelson curve diagram the operating limits for steels in

hydrogen service is shown in Figure 2.16. The operating limit of 22V steel
is highlighted by the green line.
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Figure 2.16. Nelson curve showing the operating limits for steels in hydrogen service75.
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2.9 Effect of Alloying and Impurity Elements
The strength and properties of Cr-Mo steels are related to the chemical
composition of the steel. In general, steels have a precise composition of
alloying elements each of which has a specific purpose. Due to limitations in
steel manufacturing techniques, steels often contain trace amounts of impurity elements. Completely removing impurity elements can be a costly endeavor and in general, small amounts of impurity elements are tolerated.
The principal alloying elements and impurity elements commonly associated
with 22V are listed below.
Carbon - is the most influential alloying element for all steels.

Carbon

plays an important role in creep resistance in terms of solid solution
strengthening and dispersed precipitation strengthening. It is an interstitial
element which occupies the octahedral sites in body centered cubic iron.
Depending on the cooling rate during processing, carbon can become supersaturated in the ferrite matrix and distort the unit cell into a body centered
tetragonal structure creating the constituent called martensite. The amount
and relative position of carbon throughout the iron matrix will have the
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greatest influence on the steels properties.

Generally, as the carbon

content increases the ductility and weldability decreases.

Studies have

shown that by increasing the carbon content from 0.15% to 0.20% a definite
improvement in creep properties without any significant effect on
weldability76. Based on a compilation of stress rupture data by Lundin et
al23, the optimum carbon content in weld metal was suggested by Dittrich,
Muesch and Weber77 to be 0.07-0.10% for the consideration of both creep
strength and toughness.
Chromium - is a strong carbide former and is generally added to increase
corrosion resistance and hardenability.
decarburization of Cr-Mo steels78.

Chromium also acts to resist

In solid solution, chromium associates

with interstitials in the lattice to form cluster like “Cr-C” and “Cr-C-Cr”
carbides79. The carbides formed with chromium (M7C3 & M23C6) are not
stable at elevated temperatures because they spheroidize easily and can
grow to an undesirable size80.
Molybdenum – is added to constructional steels in the normal amounts of
0.10 to 1.0%. Moly is a major element responsible for creep strength of Cr-
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Mo Steels. In solid solution, molybdenum atoms have a stronger affinity
for the interstitial alloying elements and thus play a more significant role in
solid solution strengthening79. In ferritic steels, the presence of one weight
percent is sufficient to saturate the dislocation networks. Thus, the addition
of more than 1% Mo is of no benefit (assuming that all of the molybdenum
is in solution). Solid solution strengthening can be diminished by the following two affects; first, in the presence of significant amounts of phosphorus and/or arsenic, molybdenum segregates along with those elements at the
grain boundaries, thus creating a molybdenum denuded region in the matrix
and weakening the solid solution strengthening effect. Second, the precipitation of molybdenum carbides can occur. Molybdenum is a strong carbide
former and precipitation is limited only by the amount of carbon in the steel
above the equilibrium level. This suggests that carbide precipitation can be
limited by lowering the carbon content of the steel or by adding other alloying elements that have a stronger affinity for carbon such as niobium or
vanadium80.

The formation of Mo2C is the most effective carbide
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concerning stress rupture strength and has been observed in both ferritic
and bainitic in microstructures71.
Vanadium – The addition of small amounts of vanadium can significantly
increase the yield and tensile strength of steels. Vanadium enables a fine
dispersion of carbides which aids in creep strength.

On the other hand,

vanadium is known to be detrimental to the toughness of ferritic steels and
weld metals81.

Vanadium also inhibits the diffusion of hydrogen thereby

lowering the susceptibility to hydrogen embrittlement.
Manganese contributes to strength and hardness, but to a lesser degree
than does carbon.

Similar to carbon, increasing the manganese content

decreases ductility and weldability. Manganese has a strong effect on increasing the hardenability of steel.

Manganese also has a low tendency

toward macrosegregation in comparison to other elements71.
Silicon is one of the principal deoxidizers used in steelmaking; therefore the
amount of silicon present is related to the type of steel.

Silicon dioxide

(SiO2) forms from the reaction of silicon with oxygen and is practically insoluble in the molten or solid metal and either escapes to the surface
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forming slag, or remains entrapped as inclusions in the metal. Silicon is
commonly added in the range of 0.10 – 1.0 wt%82. Jang83 stated that some
steels rely on the fact that silicon retards the precipitation of cementite from
austenite, because silicon is forced into the cementite lattice and hence
dramatically reduces its stability.
Tungsten - is a strong carbide forming element. The addition of tungsten
to low alloy ferritic steels will induce secondary hardening due to the precipitation of WC.

However, the diffusion of tungsten in α-iron is a slow

process and if Mo and V are present, carbides of Mo2C and V4C3 precipitate
rather that WC. Therefore, tungsten remains in solid solution where it can
bring about solid solution hardening84. Considering creep strength, tensile
strength, and toughness, the optimum tungsten content was determined to
be approximately 2 wt%.
Niobium – small additions of niobium increase the yield strength and, to a
lesser degree, the tensile strength of carbon steel. Niobium is a strong carbide forming element. “The stability of niobium carbides at elevated temperatures makes niobium an attractive alloying addition for the purpose of
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refining grain size, stabilizing the microstructure, and increasing elevated
temperature strength in ferritic steels”84.

Because of the stability of the

carbides at elevated temperatures and the pinning of dislocation networks,
microstructural degradation during creep occurs slowly and the rupture
strength is maintained well into the life of the specimen. In weld metal, Nb
is significant in improving creep strength, but the addition of Nb has detrimental effects on toughness85.
Nickel – is an austenite former when used as an alloying element in constructional steels. Because nickel does not form any carbide compounds, it
remains in solution in the ferrite, thus strengthening and toughening the
ferrite phase. The addition of nickel will lower the AC1 transformation temperature, which improves the response to tempering. Nickel also lowers the
possibility of residual delta ferrite present in steels84. It is found that the
addition of Ni promotes the formation of retained austenite which is enriched with carbon and nitrogen. Therefore, the carbon and nitrogen content would be reduced in the martensite laths and cause the degradation of
creep strength. In consideration of the toughness and creep strength, nickel
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is usually controlled in the range of 0.4% - 1.0 wt%86, 87. In combination
with chromium, nickel produces alloy steels with greater hardenability,
higher impact strength, and greater fatigue resistance71.
Copper – has a moderate tendency to segregate.

Copper in appreciable

amounts can be detrimental to hot-working operations. Copper adversely
affects forge welding, but it does not seriously affect arc or oxyacetylene
welding. The addition of Cu effectively suppresses delta ferrite formation in
ferritic steels which improves and enhances the resistance to HAZ softening
in the weld with deterioration in creep rupture strength and ductility88.
Aluminum – is widely used as a deoxidizer and for control of grain size.
When added to steel in specified amounts, it controls austenite grain growth
in reheated steels. Of all the alloying elements, aluminum is the most effective in controlling grain growth prior to quenching71.
Titanium – is added to ferritic steels for strengthening, carbide stabilizing,
and deoxidizing. Strengthening by titanium additions results from the formation of TiC carbides in the matrix. The stabilizing effect of titanium on
the microstructure arises from the resistance of TiC to coarsening at ele-
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vated temperature. The persistence of these carbides as a fine precipitate
inhibits degradation of creep strength84.

Pilling et al.89 found that the

addition of only 0.04 wt% titanium produced a significant increase in creep
strength at 1049°F, but the extent of strengthening depended on the carbon
content.
Phosphorus – tends to segregate along grain boundaries and can be detrimental in most steels.

Increasing phosphorus increases the strength and

hardness, while decreasing the ductility and notch impact toughness.
Sulfur – tends to segregate along grain boundaries similarly to phosphorus.
Increased sulfur content lowers transverse ductility and notch impact
toughness. Weldability decreases with increasing sulfur content. Due to the
detrimental effects of sulfur, it usually has a specified maximum limit for
most steels. Sulfur has a greater segregation tendency than any of the other
common elements71. Sulfur occurs in steel principally in the form of sulfide
inclusions.
Lead – is sometimes added to steels but mainly regarded as an impurity
element. Lead is virtually insoluble in liquid and solid steel. It is some-
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times used through mechanical dispersion during pouring to improve the
machinability of the steels.
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Chapter 3
HPV‐PREVENT Program
The “Hydrogen Pressure Vessel – PREVENT” (HPV-PREVENT)
program was an extension of the Materials Property Council (MPC)
initiative that led to the development and commercialization of the 2.25Cr –
1Mo – 0.25V (22V) alloy and recognition of the alloy by ASME Section VIII
Division 2. Notable events that occurred in 2008 with regard to 22V were
numerous reports of cracking of narrow-groove submerged arc welds and the
approval of an ASME Code Case for application of 22V at significantly
increased allowable stresses and temperatures where creep strength must be
considered90. These events led to heightened interest and concern about the
reliability and service life of 22V heavy-wall vessels that were already built,
those under construction and as well as those being planned for highpressure, high-temperature hydrogen service.

The HPV-PREVENT

program was designed to help resolve the cracking related issues and to
provide additional technical data so that the elevated temperature behavior
of 22V could be better defined.

These studies were necessary because
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fabrication of 22V requires far greater precautions and different welding
practices than traditional low alloy steels. The multi-million dollar program
was sponsored by parties from France, Germany, Japan, Europe, Korea, and
American companies associated with the petroleum industry which include;
refiner owners, engineering and construction companies, engineering
consulting

companies,

consumable suppliers.

fabricators,

material

producers,

and

welding

This multi-national program was divided into a

variety of tasks and a detailed description of the program can be found in
the “Prospectus, A program to upgrade materials and process standards for
fabrication of heavy wall vessels of 22V alloy for service with hydrogen at
high pressures and temperatures”, written by Dr. Martin Prager90. In order
to provide an overview of the program and to highlight various tasks, a
condensed list of Tasks is shown below:
Task 1. Solutions to transverse weld cracking problems.
Task 2. Development of a testing method that can be used to determine
a weldments susceptibility to reheat cracking.
Task 3. Identification of acceptable welding parameters.
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Task 4. Minimization of residual stresses associated with thick
narrow-groove welds.
Task 5. Improving and understanding toughness response of welds to
heat treatment.
Task 6. Microstructural Characterization of Unsatisfactory Weld
Deposits.
Task 7. Quantifying Hydrogen Diffusion and Trapping Behavior for
Improved DHT and Degassing Procedures and Prediction.
Task 8. Validating Suitability of Welding Procedures for Service up to
the Creep Range as Defined in ASME Rules.
Task 9. Advanced Concepts in Hydrogen Attack.

The Materials Joining Group (MJG) at the University of Tennessee
(UTK) provided input into several tasks throughout the program with the
research focusing on; the development of a reheat cracking test,
microstructural characterizations of creep tested samples, toughness
measurements, the identification of acceptable welding parameters, and
PWHT / tempering effects on 22V weld deposits.
The primary objective of the program was to acquire data and further
the understanding of the properties associated with 22V to allow fabricators,
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purchasers and refinery engineers to better understand the nature of the
alloy and what is required to produce sound vessels with the desired service
properties. It is important to mention that the research herein originated in
the HPV-PREVENT program and specifically from remaining issues that
required further studies after the data-gathering portion of the program.

3.1 Initial Studies of the HPV-PREVENT Program
3.1.1 Notched C-Ring Reheat Cracking Test (NCRRCT)
As stated earlier, several fabricators reported reheat cracking (RHC)
issues with the 22V alloy weld deposits. The cracking instances consisted of
numerous, difficult to detect, clusters of fine transverse cracks within the
weld deposit. The cracks are intergranular and occur during the first heat
treatment step at >620°C (1150°F) such as an intermediate stress relief
(ISR) or postweld heat treatment (PWHT). Some fabricators have reported
a solution to this problem through control of the SAW flux but specific
details of the root cause of cracking has not been defined.

Fabricators

realized that certain combinations of consumables (filler wires and shielding
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fluxes) were more susceptible to RHC than other combinations.
Therefore industry needed a simple, inexpensive, and technically based
method to assess the susceptibly of a particular welding procedure to RHC,
thus lead to the development of the NCRRCT. The NCRRCT methodology
was based on the ASTM Stress Corrosion Cracking Standard G38 and was
originally developed for prediction of RHC in the weld HAZ in the mid-tolate 1980’s69. At that time, the most common form of reheat cracking in CrMo welds resulted in cracking in the coarse-grained region of the base metal
heat affected zone. The Materials Properties Council, in conjunction with
the University of Tennessee, adopted the specimen geometry from ASTM
G38 and developed a new method to evaluate the RHC sensitivity of
submerged arc weld deposits.

The NCRRCT utilizes a notched “C-Ring”

machined from the weld deposit that is stressed to one of four clearly
defined levels using a simple loading bolt. The loaded and notched C-Ring
is heat-treated to simulate an ISR heat treatment that concomitantly allows
for natural stress relaxation. After the ISR exposure, the root of the notch
is cleaned and examined for cracking using a microscope at a magnification
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of 50X. The presence of a crack will denote a “failed” condition. This
simple test is able to rank welding consumables for reheat cracking
sensitivity without any expensive or elaborate testing equipment and the
methodology is explained in the literature review section of this document.
A NCRRCT evaluation of 22V weld deposits was conducted by Trent
and Lundin56 and successfully ranked the RHC susceptibility for 18 different
welds (shown in Table 5.2).

To build upon the NCRRCT study and to

more fully understand the RHC phenomena, the fine-scale microstructure of
C-Ring tested samples were evaluated.

Findings from the study are

described in results portion (Section 6.3 ) of this document.

3.1.2 Microstructural regions of a narrow-groove SAW weldment
As a precursor to discussing the microstructure associated with a
narrow-groove SAW weld, the individual regions of the deposit must first be
identified and defined.

The following section is meant to familiarize the

reader with these specific regions of the weld deposit so that they are
familiar with the terminology used throughout the study.
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Weld deposit microstructures are quite complex due to the many
variables that influence solidification and weld bead overlap.
subsequent

weld

beads

in

multi-pass

deposits

partially

In general,
alter

the

microstructure of the previously deposited weld beads and improve the
toughness by the overlapping/grain refinement and tempering affects. The
reasons being that: 1) each subsequent weld thermal cycle effectively
transforms a portion of the previously deposited weld metal creating a graincoarsened area and a grain-refined/partially refined region, and 2) these
subsequent weld passes temper previously deposited portions of the weld.
The weld metal and/or base metal adjacent to the newly deposited weld
bead is reheated and undergoes a transformation to austenite and upon
cooling the transformed regions create the heat-affected zones.
In a two-pass per layer weld bead sequence, the overlapping of beads
creates two distinct regions in the weld deposit; (1) at the weld centerline, a
region defined as the “zigzag region” (ZZR) and, (2) a center bead stack
region (CBSR). A photomacrograph and schematic of the regions are shown
in Figure 3.1.

The CBSR contains a mixture of coarse-grained and fine-
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grained weld deposit regions. The ZZR mainly contains fine-grained weld
deposit regions.

During the deposition of each layer of weld beads, a

portion of the previously deposited beads is refined due to reaching peak
temperatures above the AC1. The overlapping of beads creates a continuous
region of fine grains through the thickness of the weld in the ZZR and a
mixture of fine/coarse-grained regions in the CBSR. It should be noted that
the ZZR contains regions that experienced multiple thermal cycles due to
the overlapping of weld beads. The primary purpose of this section is to
ensure that the reader understands the location of the ZZR and CBSR
regions as they will be discussed in detail in the following sections.
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Figure 3.1. Illustrations showing the location of the ZZR of a narrow-groove weld
deposit. (A) macrograph of SAW with a two-pass per layer weld bead sequence in the
as-welded condition, Nital etch, 2X Magnification, (B) schematic of weld deposit heat
affected zones, illustrating how the overlapping weld beads create the ZZR. Note that
the base metal and base metal HAZ is not shown in (B) in order to simplify the
schematic.
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3.1.3 Creep Behavior of 22V Weld Deposits
One of the primary objectives of the HPV-PREVENT program was to
expand the stress-rupture data currently available to industry and to study
the elevated temperature behavior of 22V weldments. In an effort to build
upon the current dataset, over 80 creep specimens were tested during the
program. Testing conditions were in accordance with ASME Section VIII
Div.2 procedure qualification which requires 22V alloys to be tested at 210
MPa (30 ksi) and 540°C (1,000°F) for which the time of failure must exceed
900hrs. Prior to testing, all creep specimens were given a PWHT at 705°C
for either 8 or 32-hours. An eight-hour PWHT is the minimum allowed by
ASME/API and represents one PWHT cycle.

The 32-hour PWHTed

condition simulates a weldment which has undergone a total of four PWHT
cycles (i.e. four individual 8hour cycles, 8hrs+8hrs+8hrs+8hrs=32hrs).
Evaluating the creep behavior after four PWHT cycles is important because
it ensures the vessel can maintain the necessary strength requirements after
three weld repairs. Therefore three repairs can be made to a vessel
throughout the vessel’s lifetime (i.e. the original weld & PWHT, plus three
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weld repairs and the required PWHTs for each repair). The majority of
creep specimens that were tested during this program were “jumbo” sized
specimens with a gauge cross-sectional area ranging from 2 – 4 cm2 (0.3 - 0.6
in2).

It has been common practice to use conventional 9.5mm (3/8”)

diameter specimens with a cross-sectional area of 0.7cm2 (0.11 in2).
However, in order to capture the full effect of the macro/microstructure one
must use jumbo samples. Jumbo-sized specimens are preferred by the MPC
and industry because they encompass a number of microstructural regions
that are simultaneously evaluated in one creep specimen. In addition, the
jumbo specimens provide a more realistic evaluation of creep behavior due
to the relative size and wall thickness associated with modern pressure
vessels.

However, due to the increased cross-sectional area, jumbo

specimens must be tested using specialized load frames that are capable of
supplying the necessary stresses of 210 MPa (30 ksi). Materials Technology
Corporation (MTC), headed by Dr. Howard Voorhees, is one of the few
companies which have the capability of testing jumbo specimens and
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therefore MTC was selected to prepare and test the creep specimens in
this program.
Specimen grips were machined from the base material and both
threaded and pin type grips were used.

Specimens were tested in the

longitudinal (parallel to welding direction) and in a cross-weld configuration
(normal to welding direction).

In the cross-weld configuration, the weld

deposit is centered in the gauge and the gauge length contains base metal on
both sides of the weld deposit.
During the testing of jumbo cross-weld specimens, it became apparent
that the elevated temperature behavior of 22V required further studies. A
summary of results for the cross-weld specimens is as follows:
1. Welds that contained 3-9ppm of lead revealed a substantial
reduction in potential life (Ω).
2. All specimens given an eight-hour PWHT easily met the ASME
minimum testing time of 900 hours at 210 MPa (30 ksi) and 540°C
(1,000°F) and generally ruptured in the base metal or base metal
HAZ.
3. The

32-hour

PWHTed

specimens

exhibited

preferential

deformation in the zigzag region (ZZR) at the weld centerline.
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4. A wide range in the potential for life (Ω) was observed in the 32hour PWHTed samples.

Several samples ruptured (or were

terminated just prior to rupture) before meeting the 900 hour
minimum requirement, while comparable samples (having a similar
chemistry, weld geometry, and heat input) exhibited a potential
life of 2,000+ hours.

The samples with short rupture lives

(<900hrs) were not readily distinguishable from those exhibiting
longer rupture times (>900hrs), as some of the samples were
essentially duplicates.

These irregularities in behavior and preferential deformation led to
concerns associated with the 32-hour PWHTed samples and specifically the
microstructure within the ZZR.

A photomacrograph illustrating the

location of the ZZR and a photomacrograph showing the preferred
deformation in the ZZR of a creep-tested sample is shown in Figure 3.2. A
hardness map and corresponding photomacrograph of a weld deposit is
shown in Figure 3.3, which illustrates the almost continuous “soft” region of
fine grains apparent in the ZZR at the weld centerline. The inconsistency in
creep behavior and preferred deformation in the fine-grained microstructure
of the ZZR, suggested that a more in-depth study of the microstructure was
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essential to fully understand the nature of 22V during elevated
temperature exposure.

Details on the microstructural effects on creep

behavior can be found in results portion (Section 6.4 ) of this document.
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Figure 3.2. Photomacrographs of 22V narrow-groove submerged arc welds. (A)
macrograph labeled to illustrate the location of the center bead stack region (CBS) and
the zigzag region (ZZR), PWHTed condition, 3.5X magnification, ammonium persulfate
etch, (B) macrograph of a cross-weld tested creep sample PWHTed for 32-hours to
illustrate the effect of preferential deformation in the ZZR, 3X magnification, Nital etch.
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Figure 3.3. Hardness map and corresponding photomacrograph of a weld deposit showing the almost continuous “soft” region
apparent by the green and blue colored areas in the ZZR at the weld centerline.
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Chapter 4
Scope of Experimental Work
During the HPV-PREVENT program, it was clear that there are two
“areas of concern” associated with 22V submerged arc weldments which
needed further attention. The first was associated with the reheat cracking
(RHC) and the second was related to creep behavior. The Notched C-Ring
Ranking Test, utilized during the HVP-PREVENT program, demonstrated
that a materials’ susceptibility to reheat cracking could be determined by
the use of the simple, but effective, C-Ring test. However, the underlying
mechanisms that govern reheat cracking were not clearly defined and a more
comprehensive understanding thereof would help mitigate fabrication issues.
The second area of concern was related to creep behavior and the preferred
path of deformation/rupture in the zigzag region of transverse cross-weld
creep samples, which were heat-treated for 32-hours.

This was of

importance since several 32-hour PWHTed specimens tested during the
HPV-PREVENT program did not meet the minimum stress-rupture
requirements set by ASME.
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In order to evaluate the microstructural features associated with
RHC and creep behavior, a detailed study of the microstructure of 22V was
first conducted.

Advanced techniques used during this study and a

complete characterization of the fine-scale microstructure are detailed in the
subsequent sections.

An outline of the research is summarized in three main parts:
1. A microstructural assessment to characterize and identify the
carbides present in 22V submerged arc weld deposits. All regions of
the weld deposit were studied with an emphasis on the ZZR (which is
primary area of interest in regard to creep behavior) and the CBSR
(which is the primary area of interest in regard to RHC).
2. A study on the fine-scale microstructural influence on reheat cracking.
An assessment of the fine-scale microstructure on tested C-Rings and
weldments that were found to be susceptible to RHC was conducted.
The study focused on the coarse-grained microstructure, as it is the
most prone to RHC, and specifically the microstructural features
along grain boundaries just ahead of the crack tip of tested C-Rings.
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3. A fine-scale microstructural study was conducted on selected creeptested specimens. The carbide identification from Part 1 was used to
assess the type, distribution, and influence of carbides regarding creep
behavior for selected creep specimens, which exhibited poor creep
behavior.
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Chapter 5
Materials and Experimental Procedure
5.1 Materials
The materials used in the program were a combination of; 1) test
welds, which were specifically designed to highlight different combinations of
wire and flux, weld bead placement, and chemical composition, 2) commercial welds that were produced by vessel manufacturers. A complete list of
materials and chemical composition are shown in Table 5.1. In total, eight
base materials and twenty submerged arc welds (SAW) were utilized during
the HPV-PREVENT program. Table 5.2 lists the details of fabrication such
as bead sequence, welding parameters, and the reheat cracking test rankings
of each weldment.
Figure 5.1 and Figure 5.2 show test welds that were selected to have a
narrow-groove (NG) geometry with variable bead placement and weld
deposit sequences. Note that a two bead per layer (2+2+2) weld deposit
sequence was used for samples W272, and W947 while a 2+1+2 sequence
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was used for W273 and a 2+3+2 sequence for W948. Commercial welds,
produced by manufactures of heavy wall pressure vessels, are shown in
Figure 5.3.

The photomacrographs illustrate the difference in weld joint

configuration between NG SAW (left) and conventional V-groove SAW
(right).
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Table 5.1. Chemical composition of materials utilized in the HPV-PREVENT program.
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Table 5.2. Weld deposit details for fabrication, welding parameters, and C-Ring rankings.

*Weld deposit sensitivity ranking from study by Lundin and Trent56: 1 low susceptibility, 4 high susceptibility to RHC
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Figure 5.1. Schematic and photomacrograph of test welds W273 and W272illustrating a
2-1-2 bead sequence for W273 and 2-2-2 (two bead per layer) bead sequence for W272 as
well as the heat input for each.

Figure 5.2. Schematic and photomacrograph of test welds W948 and W947 illustrating a
2-3-2 bead sequence for W948 and 2-2-2 (two bead per layer) bead sequence for W947 as
well as the heat input for each.
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Figure 5.3. Photomacrographs of typical commercial welds to illustrate the differences in
weld joint configuration between a narrow-groove submerged arc weld W6 (left) and a
more conventional V-groove submerged arc weld W910 (right), ammonium persulfate
etch.
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5.2 Experimental Procedure
This

investigation

incorporated

two

areas

of

research:

the

microstructural influence on reheat cracking (RHC) and the microstructural
influence on creep behavior.

In each of these areas, basic and advanced

metallographic techniques were used to prepare specimens.

The basic

metallographic techniques and an etchant evaluation for 22V weldments was
completed in a previous work by Burgess & Lundin15.

Optical light

microscopy, at magnifications of 50X -1000X, was performed on a Nikon
ECLIPSE MA200 inverted microscope. A Zeiss LEO 1550 scanning electron
microscope (SEM) and a Zeiss Libra 200 transmission electron microscope
(TEM) were utilized for carbide studies and high magnification evaluations.
Both electron microscopes were equipped with a Link detector/analyzer for
collection and processing of energy dispersive X-ray signals (EDS), also
called EDX. Carbides were identified by: 1) comparing the relative peak
heights of various elements in the EDS spectrum with that of wellestablished spectra for carbides in Cr-Mo steels32,

89, 91

EDS chemical composition with published data33,

, 2) comparing the

92, 93

, and 3) carbide
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morphology (size and shape). In addition to EDS analysis, small angle
diffraction (SAD) patterns were used during TEM investigations to identify
carbides.

5.2.1 Carbide Extraction Techniques
Carbide extraction films were prepared using mounted metallographic
specimens that were polished and heavily etched using a 2% Nital solution
and coated with a 10-20nm layer of carbon, by carbon evaporation
techniques.

The coated specimens were etched using a 10% solution of

hydrochloric acid (HCl) in methanol for 30-60 seconds to dissolve the iron
matrix. Carbides are not readily attacked by HCl and therefore only the
iron matrix is dissolved, relieving the carbon layer leaving only the carbides
attached to the carbon film. The carbon film was removed from by slowly
lowering the sample (coated side up) into a container of distilled water, at
which point the carbon film was separated from the sample and floats due
to surface tension. The carbon film was collected on 200 mesh copper TEM
grids and placed on filter paper to dry. In order to extract carbides from
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selected areas of the weld deposit, acrylic paint was used to mask-off
surrounding areas so that only the selected area was coated with carbon.
Figure 5.4 shows a schematic of the carbide extraction procedure.

SEM

images showing of the carbon film, copper grid, and the typical carbide
distribution is shown in Figure 5.5.

101

Figure 5.4. Schematic of the carbide extraction process. (A) polished sample with
carbides embedded in the iron matrix, (B) etched with 2% Nital to expose carbides, (C)
coated with a carbon film by vacuum evaporation, (D) etched to release the carbides
from the iron matrix, and (E) carbon film is placed on copper grid for examination.
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Figure 5.5. SEM images of the copper grid, carbon film, and extracted carbides to
illustrate the typical appearance of extracted carbides for a 32hr-PWHTed sample.
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Chapter 6
Results and Discussion
6.1 Carbide Identification
The identification of carbides was conducted using multiple carbide
extraction films taken from test weld W947 in the 8 & 32hr – 705°C heattreated conditions.

W947 was chosen because it was a typical multipass

narrow-groove SAW weldment with a 2+2 bead sequence and a nominal
chemistry among the 22V welds in this study.

The 8 & 32hr PWHTed

conditions were chosen based on literature data and experimental trials that
showed the full range of carbides were present in the 8 & 32hr PWHTed
conditions. A macrograph of the W947 weldment is shown in Figure 6.1.

Figure 6.1. Macrograph of W947, Ammonium Persulfate etch.
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Examination of the carbide extraction films revealed the presence
of five distinct carbide morphologies: MC, M2C, M23C6, M7C3, and M6C.
M7C3, and M6C carbides were generally observed along prior austenite grain
boundaries and subgrain boundaries, while M23C6 carbides were observed
along boundaries and within the grain matrix. The MC and M2C carbides
were mainly concentrated within the grain matrix. A high-resolution TEM
image illustrating all five carbides within a single region is shown in Figure
6.2.

This image was taken in bright field and therefore the carbides are

rendered black with the carbon film having a gray color. In this instance,
all five types of carbides are located along a prior austenite grain boundary.
The rod-like precipitate at the far left of the image was determined to be an
M2C carbide.

The M7C3 carbide shown in the upper left of the image has

a rectangular or “blocky” morphology. The smaller irregularly shaped “droplike” carbides were determined to be M23C6. The larger irregularly shaped
carbides were found to be the M6C type carbide. The smallest carbide type
and the most difficult to experimentally identify, were the MC carbides,
which have a spherical shape.

It is important to point out that during
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elevated temperature exposure (PWHT or service conditions) carbides
can increase in size however, they generally retain their relative shape, thus
allowing one to use the carbide’s shape to identify the type. SEM images of
extracted carbides for W947 in the 32hr PWHTed condition are shown in
Figure 6.3.

SEM microscopes generate an image by using the electronic

signal generated by the interaction of the electron beam with the sample
surface. In an SEM, the carbides reflect more signal than the surrounding
carbon film and therefore the carbides are shown as white/grayish while the
carbon film has a darker appearance.
Characteristic EDS spectra and the observed range of chemical
compositions for each of the five types of carbides are shown in Figure 6.4 &
Figure 6.5, respectively. A table listing the observed chemistry range and
Cr/Fe ratios is shown in Table 6.1.The high Cu peak observed in the EDS
spectra was introduced by the copper grid used to support the carbon films.
It has been proposed that the mass ratio of Cr to Fe can used as one of the
most appropriate parameters for distinguishing between the different Crand Fe-rich carbides (M23C6, M7C3, and M6C) in Cr-Mo steels21. This holds
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true as the Cr/Fe ratio for M23C6 is 0.7 and the Cr/Fe ratio for M7C3 is
1.4. The Cr/Fe ratio for M6C is similar to that of M7C3 at 1.3, however the
M6C carbide has ~10 times higher Mo content and therefore they are easily
distinguishable. The M2C and MC carbides are distinct from the others, as
the M2C carbide is mainly comprised of molybdenum and MC has high
vanadium content.

The distribution of elements shown in Figure 6.5 &

Table 6.1 encompasses the entire data set of spectra collected from multiple
weldments examined during the study. Therefore, the distribution ranges
are not specific to W947 and represent the typical composition ranges for
carbides in 22V weld deposits.

Table 6.1. Distribution of elements present in the five carbide types identified in 22V
weldments.
wt%

Cr

Fe

Cr/Fe*

Mo

V

Mn

Si

MC
M2C
M23C6
M7C3
M6C

15 – 27

3 – 15

-

20 – 46

40 – 71

-

-

25 – 45

2 – 10

-

48 – 80

5 – 25

-

0–7

22 – 45

30 – 65

0.7

5 – 18

3 – 17

-

0–5

40 – 73

28 – 73

1.4

3–7

2 – 10

0–8

1–5

35 – 58

26 – 44

1.3

30 – 65

5 – 12

0–4

0 – 11

*approximate ratio based on average chemistry
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Figure 6.2. High-resolution TEM image of extracted carbides from test weld W947 in the 8hr PWHTed condition illustrating
the carbide morphology along a prior austenite grain boundary, 150,000X magnification.
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Figure 6.3. SEM images labeling the various types of carbides present in W947 in the
32hr PWHTed condition, 20,000X magnification (top), 75,000X magnification (bottom).
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Figure 6.4. Characteristic EDS spectra for the five types of carbides in 22V weldments.
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6.2 Carbide Evolution during Postweld Heat Treatment
The evolution of carbides as a function of PWHT was studied by
SEM examination of bulk samples, meaning the carbides were not extracted
from the sample and the analysis was conducted on a mounted, polished,
and etched metallographic specimen. Identification of carbides in different
PWHT conditions was performed by comparing the EDS spectra and
morphology of the observed carbides with the characteristic EDS spectra
and morphologies of the five carbide types previously identified by a
combination of TEM and SEM examination (see Section 6.1). As described
in Section 3.1.2, the overlapping of weld passes creates a region at the
centerline of a narrow groove weld (i.e. the ZZR) which experiences multiple
thermal cycles.

The additional thermal cycles allow further carbide

precipitation to take place in the ZZR as compared to the CBSR and
therefore the carbide morphologies of the CBSR and the fine-grained (ZZR)
regions were evaluated independently.

Figure 6.6 illustrates the relative

location where the high magnification SEM images were obtained for the
CBSR and ZZR regions during the carbide evolution study.
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Figure 6.6. Labeled macrograph showing the CBSR and ZZR locations relative to the
location where SEM micrographs were obtained for carbide evolution studies, (A) CBSR
micrographs,
(B) ZZR micrographs.

In the as-welded (AW) condition, the weld metal microstructure is
mainly

bainitic-martensitic

with

a

few

primary

predominantly at former austenite grain boundaries.
was also observed in the as-welded condition.

carbides

observed

An “M-A” constituent

The M-A constituent has

been extensively studied by Matsuda et al.94 and consists of a mixture of
martensite and austenite that forms by the martensite transformation of the
austenite enriched in carbon. The constituent is therefore a mixture of lath
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and/or plate martensite and retained austenite. The formation of M-A
constituent in Cr-Mo steels was attributed to a combination of chemical
composition and cooling rate.

The constituent forms more easily by

increasing the carbon content and the amount of carbide forming elements
such as Mo, Nb, and V because carbide-forming elements retard the
diffusion of carbon during transformation from austenite.

Since the

constituent consists of both martensite and austenite, it tends to be enriched
in austenite stabilizing elements like C and Ni.

Matsuda noted that the

constituent decomposed into ferrite and carbide upon heating to 550°C
(1020°F). SEM images of the as-welded condition are shown in Figure 6.7;
arrows indicate the M-A constituent within the primarily bainitic
microstructure.

In comparing the CBSR vs. ZZR in the as-welded

condition, very fine precipitates (MC – vanadium type carbides) were
observed in the ZZR at 100k magnification, while the CBSR matrix was
essentially

carbide

free.

Images

of

the

microstructure

after

a

dehydrogenation treatment (DHT) of 660°F (350°C) for 4 hours is shown in
Figure 6.8. The M-A constituent is still apparent and has undergone little
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to no change during DHT. However, a major change in structure was
observed in the subgrain matrix. Looking at the circled regions in Figure
6.8, one can see an increase in fine MC type precipitates in both the ZZR
and CBSR regions. Microstructure after an intermediate stress relief (ISR)
heat treatment of 1200°F (650°C) for 4 hours is shown in Figure 6.9. The
1200°F temperature was sufficient to decompose the M-A constituent into
ferrite and carbide, as the M-A constituent is no longer apparent.
Precipitation of MC type carbides within the grain matrix increased and
M23C6 carbides were observed along grain and subgrain boundaries. M2C
carbides were also found along subgrain boundaries. To further illustrate
the precipitation of fine carbides within the grain matrix, a comparison
image of the as-welded, DHT, and ISR conditions is shown in Figure 6.10.
One can see that the as-welded matrix (left image) is carbide free, while the
matrix of the DHT condition (middle image) clearly shows a fine dispersion
of carbides. An increase in temperature from the DHT to ISR condition
(right image) shows a definite increase in the fine carbide density within the
matrix.

These results are consistent with other researchers60,

70, 95

and
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explain the occurrence of weld deposit secondary hardening at the onset
of heat treatments which is common in modified Cr-Mo alloys. The 705°C
8hr PWHTed condition, shown in Figure 6.11, reveals the same types of
carbides found in the ISR condition; however, the carbides in the 8hr
condition are larger and have increased in frequency.

M23C6 and MC

carbides are clearly apparent, with the M23C6 being primarily along grain
and subgrain boundaries and a fine dispersion of MC carbides in the matrix.
M2C and M7C3 carbides were also observed in the 8hr condition but their
occurrence was very low in comparison.

M7C3 were observed along

boundaries commonly adjoining M23C6 carbides and M2C carbides were
widely dispersed in the matrix. The 705°C 16hr PWHTed condition, shown
in Figure 6.12, shows a decrease in the fine dispersion of MC carbides in the
matrix. This can be explained by the formation of M23C6 carbides in the
matrix that likely consumed MC carbides during coarsening.

Grain and

subgrain boundaries both showed an increase in M7C3 carbides.

The

concentration of M23C6 carbides along grain boundaries decreased due to the
formation of M6C carbides that form at the expense of all the other carbides
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present.

The 705°C 32hr PWHTed condition, shown in Figure 6.13,

shows an increase in the size and frequency of M6C carbides along grain
boundaries. The CBSR exhibited an increase of small-sized M23C6 carbides
along the boundaries, which formed by the consumption of MC carbides,
shown by the arrows in the upper right image in Figure 6.13. The 32hr
condition revealed the first signs of denuding within the grain matrix. The
circled regions in the two 25kX images on the left side of Figure 6.13
highlight the difference in MC carbides between the CBSR and ZZR. At
32hrs, it is clear that the ZZR has fewer matrix carbides in comparison to
the CBSR. This is explained by the overlapping effects of the multipass
weld geometry and additional thermal cycles that the ZZR experiences. The
705°C 64hr PWHTed condition, shown in Figure 6.14, reveals a clear
difference in carbide distribution as compared to the 32hr condition.

In

both the CBSR and ZZR, the matrix is essentially denuded of MC carbides.
The grain boundaries and subgrain boundaries are mostly populated with
large irregularly shaped M6C and blocky M7C3 carbides. A small amount of
M23C6 are apparent along the boundaries while the MC carbides have been
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completely consumed due to coarsening.

Images of the 8 – 64 hour

PWHTed conditions are shown side-by-side at 25,000X and 50,000X for
comparison in Figure 6.15 & Figure 6.16, respectively.

A sequence

illustrating the carbide evolution with increasing PWHT time and
temperature is shown in Equation 2 below.

M23C6

ε‐Carbide
+
M‐A Constituent

MC

+
MC
+
M2C

M23C6
+
M7C3

M7C3
+
M6C

Equation 2

The carbide evolution and identification for the various heat
treatment conditions are summarized in Table 6.2. During the First Stage
of tempering, the M-A constituent is decomposed and a fine precipitation of
MC (vanadium-rich) carbides forms within the grain matrix.

During the

Second Stage of tempering, MC carbides grow in size and frequency while
M23C6 carbides form along grain boundaries.

At the end of the Second

Stage of evolution, MC, M23C6, and M7C3 carbides are all present with MC
carbides located within the grain matrix; M23C6 carbides are found both in

118
the matrix and along boundaries, while the M7C3 carbides are generally
along prior austenite grain boundaries.

The Third Stage of carbide

evolution starts with a decrease in the number of MC carbides in the grain
matrix due to coarsening. This is accompanied by the increase in size and
frequency of M23C6 carbides in the matrix and along boundaries. The final
phases of the Third Stage occur when the matrix is completely denuded of
MC carbides and the grain and subgrain boundaries are mainly M6C and
M7C3 carbides.
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Table 6.2. Occurrence of carbides in the range of heat treatments.

As-welded
DHT (350°C – 4hr)

ISR (650°C – 4hr)
705°C – 8hr
705°C – 16hr
705°C – 32hr
705°C – 64hr

MC

MC

M2C

M2C

M23C6

M23C6

M7C3

M7C3

M6C

M6C

CBSR

ZZR

CBSR

ZZR

CBSR

ZZR

CBSR

ZZR

CBSR

ZZR

-X
X

X
X
X

--X

--X

--X

--X

----

----

----

----

X

X

X

X

X

X

--

--

--

--

X

X

X

X

X

X

X

X

X

X

X

--

--

--

X

X

X

X

X

X

--

--

--

--

--

--

X

X

X

X

* X denotes the carbide type was readily apparent, -- denotes the carbide type was not frequently observed
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Figure 6.7. SEM micrographs of W947 in the as-welded condition, the arrows indicate the M-A constituent.
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Figure 6.8. SEM micrographs of W947 after a dehydrogenation heat treatment of 660°F (350°C) for four hours; the arrows
indicate the M-A constituent while the circled regions highlight the fine MC type carbides within the grain matrix.
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Figure 6.9. SEM micrographs of W947 after an intermediate stress relief heat treatment of 1200°F (650°C) for four hours;
note that the M-A constituent has decomposed, M23C6 carbides are apparent along grain boundaries and the matrix
precipitation of MC carbides has increased.
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Figure 6.10. Micrographs of the fine-grained microstructure of the ZZR in the as-welded, DHT, and ISR conditions
illustrating the breakdown of the M-A constituent (shown by the arrows) and the precipitation of fine MC carbides within the
grain matrix (shown by the area within the circled regions), 50,000X.
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Figure 6.11. SEM micrographs of W947 in the 8hr PWHTed condition; note that the sizes of M23C6 and MC carbides have
increased in comparison to the ISR condition and M23C6 and M7C3 carbides are present along the subgrain boundaries.
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Figure 6.12. SEM micrographs of W947 in the 16hr PWHTed condition; note the increase in size of the M23C6 carbides along
boundaries the evolution of M23C6 in the matrix with M6C carbides apparent along grain boundaries.
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Figure 6.13. SEM micrographs of W947 in the 32hr PWHTed condition; the circled regions illustrate a decrease in the MC
matrix carbides while the arrows show the formation of small M23C6 carbides, which formed at the expense of MC carbides.
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Figure 6.14. SEM micrographs of W947 in the 64hr PWHTed condition; note the lack of carbides within the grain matrix
and the increased size of M6C carbides along prior austenite grain boundaries.
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Figure 6.15. Carbide evolution of W947 as a function of PWHT, 25,000X magnification.
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Figure 6.16. Carbide evolution of W947 as a function of PWHT, 50,000X magnification.
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6.3 Characterization of the Microstructure in relation to RHC
Lundin and Trent56 used the NCRRCT to rank the 22V weld deposits
utilized in the HPV-PREVENT program according to their susceptibility to
RHC and their results are listed in Table 5.2. A ranking of “one” denotes a
low susceptibility whereas as ranking of “four” denotes the weld is highly
susceptible to RHC. It was clear from their study at certain welds were
more susceptible to RHC than others. To better understand the microstructural influence on RHC, an in depth study was conducted on tested C-Rings
and welds that exhibited a high susceptibility to RHC and welds which
revealed a low susceptibility to RHC.
It is important to point out that RHC is mainly attributed to coarsegrained microstructures. Thus, the microstructural assessment for RHC was
concentrated in the coarse-grained microstructures of the weld deposit and
more specifically on the grain boundaries in the coarse-grained regions. To
illustrate the high cracking susceptibility in the coarse-grained regions, a
cryo-cracked fracture surface of a tested C-Ring pseudo imposed with the
microstructure at the root of the notch is shown in Figure 6.17.

Higher
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magnifications of the fracture surface and corresponding microstructure
are shown in Figure 6.18. The black oxidized regions in the cryo-cracked
fracture surface reveal the areas where RHC is present and the gray regions
represent the regions that were fractured during cryo-cracking. Figure 6.18
highlights the one-to-one correspondence between the reheat cracked areas
(black oxidized areas) and the coarse-grained microstructure.
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Figure 6.17. Schematic to illustrate the correspondence between the reheat cracked regions and the coarse-grained
microstructure. The black oxidized regions on the fracture surface reveal the reheat cracked areas and the gray regions show
the fractured cryo-cracked areas. Higher magnification photomacrographs of the fracture surface are shown in Figure 6.18 to
clearly reveal the microstructural regions sensitive to reheat cracking (note the fine-grained regions are resistant to reheat
cracking).
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Figure 6.18. Relationship between cryo-cracked fracture surface appearance and
microstructure at the root of the notch56, 10X, Nital etch. Note that the black oxidized
regions in the cryo-cracked surface reveal the areas where RHC has occurred and the
gray regions are the cryo-cracked fractured regions. Note that the fine-grained regions
are resistant to reheat cracking.
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Trent and Lundin56 showed that welds doped with impurity
elements (Pb & Bi) were the most susceptible to RHC. Several authors59, 67,
68, 96-102

have studied RHC, and many of which noted the detrimental effects

impurity elements have on Cr-Mo steels.

Figure 6.19 below shows a

polished cross-sectional view of a tested C-Ring from weld doped with 3ppm
Pb (W75).

The C-Ring was loaded to a stress of 85ksi and given an

1150°F/15min heat treatment. The upper left image (A) shows the root of
the notch. Three main intergranular cracks were apparent and the cracks
are labeled 1 through 3 in image (B). The tip of crack 3 is shown in images
C & D; note the cavitation/voids ahead of the crack tip shown by the
arrows in image D. Near the tip of crack 2, a thin oxide layer was revealed
that was approximately 10nm wide and extended several microns along the
grain boundary.

It was noted that at one point that crack 2 became

intermittent. Figure 6.20 shows micrographs of the thin oxide layer, while
Figure 6.21 illustrates the location where the crack became intermittent.
The fine-scale microstructure revealed MC type carbides in the matrix while
the grain boundaries were relatively carbide free. The 1150°F/15min heat
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treatment was sufficient to allow the precipitation of MC carbides in the
matrix, but did not allow carbide precipitation along grain boundaries. The
absence of grain boundary carbides is an important point as voids and
cavities generally form at carbides along boundaries. The precipitation of
matrix carbides no doubt increased the strength of the matrix and thereby
shifted the stress to the grain boundaries. Based on the results above, Pb
did not appear to influence the fine-scale microstructure and therefore its
influence on RCH likely related to the fact that Pb lowers the grain
boundary strength.
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Figure 6.19. SEM micrographs of a tested C-Ring from weld W75 (3ppm Pb doped) showing the cracks apparent at the
notch root, C-Ring was tested at 85ksi – 1150°F/15min.
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Figure 6.20. Additional micrographs of crack 2 in a tested C-Ring from weld W75 (3ppm Pb doped), showing the thin oxide
present, C-Ring was tested at 85ksi – 1150°F/15min.
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Figure 6.21. Micrographs of crack 2 in a tested C-Ring from weld W75 (3ppm Pb doped) showing an intermittent location
toward the crack tip. C-Ring was tested at 85ksi – 1150°F/15min.
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The solubility of lead in iron is essentially zero and is shown by
the Fe-Pb diagram in Figure 6.22. Therefore, it is axiomatic to assume that
during weld metal solidification Pb is pushed ahead of the solid-liquid
interface and concentrated along prior austenite grain boundaries. To study
this effect, a C-Ring taken from a 3.7ppm Pb doped weld (W274) was
loaded to 100ksi and glass encapsulated in argon. The capsule was placed in
a furnace and heated at 1150°F for 2 hours. After cooling, the glass capsule
was broken and the C-Ring was cryo-cracked at liquid nitrogen temperature
and placed in methanol to warm up to ambient temperature. A macrograph
of the cryo-cracked C-Ring is shown in Figure 6.23. The dark gray areas
represent the reheat cracked areas while the lighter gray regions show the
area that was fractured during cryo-cracking.

SEM micrographs of the

fracture morphology are shown in Figure 6.24, Figure 6.25, and Figure 6.26.
Figure 6.24 shows the RHC surface appearance at 100X and 500X
magnifications.

Transgranular cleavage from the cryo-cracking process is

shaded green to show a contrast in reheat cracked regions vs. cleavage
regions.

The reheat crack morphology is clearly intergranular with the
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coarse-grained weld deposit structure apparent. Attempts were made to
detect Pb on the RHC surface however; the primary peak location for Pb is
at 2.4keV which is also closely located to the primary peaks for sulfur and
molybdenum. Due to the overlapping effects of the Pb, S, and Mo peaks, a
definitive quantification of Pb could not be ascertained. However, a direct
comparison of the spectra from the transgranular cleavage surface vs. the
reheat cracked surface suggests that Pb may be present as the peak
intensity at 2.4keV increases when the reheat crack surface is the sole image
source. EDS results are shown for both the RHC surface and the cleavage
fracture surface in Figure 6.25 along with the RHC surface morphology at
5,000X magnification.

Again, the cleavage region is shaded green for

contrast. At the higher magnification, one can see the occurrence of shallow
dimples on the RHC surface. Figure 6.26 shows the RHC morphology as a
function of magnification from 2,500X to 25,000X. At lower magnifications,
it is clear that the crack is intergranular in nature, at higher magnifications
a crack crevice reveals the occurrence of ligaments that form during the
separation of grains.

The presence of these protuberances support the
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theory of “soft” grain boundaries that flow as deformation occurs during
reheat cracking.
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Figure 6.22. Fe-Pb equilibrium phase diagram showing zero solubility of lead in iron103.

Figure 6.23. Macrograph of cryo-cracked C-Ring from the 3.7ppm Pb doped weld
(W274). The dark gray areas represent the RHC regions and the light gray regions show
cleavage created during cryo-cracking process.
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Figure 6.24. SEM micrographs at 100X - 500X and EDS results from the RHC surface of a C-Ring from W274 (3.7ppm Pb
doped). Cleavage regions were shaded green to show the contrast between the reheat cracked regions and the cleavage
fracture due to cryo-cracking. Note the presence of 0.24 wt% Pb in the EDS results.
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Figure 6.25. SEM micrograph at 5,000X and EDS results from the cleavage region and RHC surface of a C-Ring from W274
(3.7ppm Pb doped). Cleavage regions were shaded green to show the contrast between the reheat cracked regions and the
cleavage fracture due to cryo-cracking. Note that no Pb was detected in the cleavage region while 0.31 wt% Pb was detected
on the reheat crack surface.
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Figure 6.26. SEM micrographs of the reheat cracked surface of the 3.7ppm Pb doped C-Ring at 2,500X to 25,000X
magnifications. Cleavage regions are shaded green.
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SEM micrographs of a tested C-Ring from a 2.2ppm Bi doped
weld (W76) are shown in Figure 6.27. The C-Ring was loaded at 85ksi and
given an 1150°F/15min heat treatment. The Bi doped C-Ring exhibited a
similar crack morphology as the Pb doped C-Ring described above with
multiple intergranular cracks branching at several locations.

The tip of

crack 1, shown in images C & D, reveals multiple micro-cracks. The circled
regions in image D show individual voids that are beginning to coalesce and
form a micro-crack.

The fine-scale microstructure, shown in the lower

image of Figure 6.28, revealed the presence of precipitated carbides within
the grain matrix and particles were observed along grain boundaries. EDS
analysis of the crack and surrounding particles revealed the presence of
bismuth and sulfur, shown in Figure 6.29. However, as stated above the
detection limit of an EDS system is not intended to detect elemental species
on the part-per-million (ppm) scale. Therefore, the EDS results suggest the
presence of Bi, but an actual quantification cannot be attained.

Similar to

lead, bismuth has zero solubility in iron and therefore it is understood that
any concentration of bismuth will likely be found along grain boundaries.
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Figure 6.27. Micrographs of a tested C-Ring from weld W76 (2.2ppm Bi doped) showing the crack tip morphology. C-Ring
was tested at 85ksi – 1150°F/15min.
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Figure 6.28. SEM micrographs of the crack tip in the 2.2ppm Bi doped C-Ring, arrows indicate voids along the grain
boundary and note the bridge present between two micro-cracks.

149

Figure 6.29. EDS results of the crack opening and particles along the grain boundary in the 2.2ppm Bi doped C-Ring. Note
that 0.21 wt% sulfur and 0.11 wt% bismuth were detected.
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Both the Pb and Bi doped C-Rings received a Level 4 ranking
during the HPV-PREVENT program and were thus very susceptible to
RHC. In order to compare the fine-scale microstructure of a non-susceptible
weld, a C-Ring from weld W910 was analyzed. W910 is a non-doped typical
V-groove weldment, which received a Level 1 ranking during Trent and
Lundin’s C-Ring study and therefore the weldment was not susceptible to
RHC.

The C-Ring was loaded to 85ksi and given an 1150°F/2hrs heat

treatment. Examination of the C-Ring revealed that no cracks were found
at the root of the notch.

Recall that the Pb and Bi doped C-Rings

exhibited cracking after just 15min at 1150°F while the W910 weldment was
tested for 2hrs with no observed cracks. Figure 6.30 shows the micrographs
of notch root at 50X to 50,000X magnifications. Fine carbides are evident
within the grain matrix and scattered M23C6 were found along grain
boundaries.
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Figure 6.30. Micrographs of a tested C-Ring from weld W910 (non-doped, V-groove) illustrating no cracks were apparent at
the notch root. C-Ring was tested at 85ksi – 1150°F/2hrs
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In comparing the fine-scale microstructure of doped C-Rings to the
non-doped C-Ring, there was no difference in the matrix carbides. In each
case, the grain matrix exhibited a fine dispersion of MC carbides. The Pb
doped and non-doped welds revealed very little precipitation along grain
boundaries and their overall structure was very similar. The main difference
was apparent in the Bi doped weld, which revealed the presence of particles
along grain boundaries. Nawrocki et al.49 attributed RHC to the formation
of Fe3C carbides along grain boundaries which acted as nucleation sites for
microvoid formation.

However, in the C-Ring microstructural study, a

similar carbide morphology was exhibited for welds which exhibited a high
and low susceptibility to RHC. Therefore, it is believed that the impurity
elements had little to no effect on the carbide evolution and that the
occurrence of reheat cracking in doped welds was manifested due to the
impurity elements lowering the grain boundary strength.
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6.4 Creep Behavior of 22V Weld Deposits
6.4.1 Influence of Pb on Creep Performance
Test welds utilized in the HPV-PRVENT project contained a variety
of chemical compositions (shown in Table 5.1). Several of the test welds
contained high levels of impurity elements, such as lead.

Lead was

purposely introduced into the weld (via the SAW flux) due to reports from
fabricators, which noted an increase in lead content of their consumables.
The lead doped test welds were intended to recreate welds, which had been
made with consumables that contained high lead levels and to evaluate their
elevated temperature properties. To illustrate the effect of Pb content on
the creep behavior, the creep curves for three specimens are in shown in
Figure 6.31. All three weldments were heat treated at 705°C for 32hrs and
were made using the same base material, welding variables, heat input, and
wire; the only difference between the three weldments was lead content
which ranged from 0, 3.7, and 9ppm.

Two of the welds were purposely

doped with lead while the last weld was welded using was un-doped flux.
Weld W275 contained 9ppm lead, W274 contained 3.7ppm lead, and W272
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was un-doped. A clear difference in the creep behavior can be observed
in Figure 6.31, as the 9ppm weld experienced a reduction in life nearly 1/2
that of the non-doped weldment. Microstructurally, welds that contained
lead revealed a higher degree of damage in the form of voids and microcracking.

Figure 6.32 illustrates the difference in damage apparent in the

microstructure of a lead doped vs. non-doped sample after creep testing.
Both the un-doped and 3.7ppm Pb doped creep specimens exhibited ~9.5%
strain during testing however, the damage of the Pb doped weldment is
clearly more obvious.
To examine the micro-cracks present in a Pb doped creep specimen, a
creep tested specimen from weld W275 was cryo-cracked and examined in
an SEM. Figure 6.33 illustrates the relationship of the creep cracks of the
cross-sectioned sample using optical microscopy and the cryo-cracked
micrographs taken in the SEM. EDS of the cryo-cracked specimen is shown
in Figure 6.34. Spectra for the cleavage region is shown on the left side and
revealed no evidence of impurity elements.

A scan taken on the creep
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cracked surface is shown on the right and reveals the presence of both
sulfur and lead.
Results from the lead doped creep specimens reveal that lead has a
significant effect on a weld’s elevated temperature performance.

The

presence of 3.7 to 9ppm lead were shown to reduce the weld’s expected
lifetime by ~1/2. This is due to the fact that lead is insoluble in iron and
therefore resides along grain boundaries.

The presence of lead on grain

boundaries is supported by the microstructurally apparent damage, as
samples with lead exhibited higher levels of voiding and micro-cracking
along grain boundaries and also by EDS measurements taken on the crack
surface. The presence of lead on grain boundaries has a detrimental effect
on the elevated temperature properties due to the fact that lead lowers the
grain boundary strength and thereby allowing voids and cracking to occur
more readily.
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Figure 6.31. Effect of Pb on creep behavior of SAW weldments in the 32hr PWHTed
condition.
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Figure 6.32. Micrographs of Pb vs. non-Pb doped creep samples illustrating the
difference in damage present in Pb doped welds. Note that both welds exhibited ~9.5%
strain during creep testing, however the damage in the Pb dopes sample is noticeably
more evident.
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Figure 6.33. Illustration showing the intergranular creep cracks in the polished cross-section and their relationship to the creep
cracks on the cryo-cracked creep specimen. Note that the cleavage region is shaded green in the SEM micrographs.
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Figure 6.34. SEM and EDS of a Pb doped creep sample suggesting the presence of Pb on the creep crack surface.
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6.4.2 Characterization of the Microstructure in Relation to
Creep Behavior
As mentioned earlier in Section 3.1.3 testing of the cross-weld creep
specimens that were PWHTed for 32hrs exhibited preferential deformation
in the zigzag region (ZZR) at the weld centerline. This suggested that the
various regions of the weld deposit, CBSR and ZZR, exhibited localized
differences in creep behavior.

Based on this observation, a decision was

made to extensively evaluate the individual regions of the weld deposit.
Therefore, creep specimens containing only the individual regions of the
weld deposit were designed. Electric discharge machining (EDM) was used
to section the weldments so that only the specific regions were extracted.
Figure 6.35 illustrates the extraction process and shows a photomacrograph
of the weldment with the individual regions of the ZZR and CBSR removed.
The width of the individual regions was approximately 0.5cm (0.2”) and
therefore it was not possible to test the samples in the cross-weld
orientation.

In order to retain the largest cross-sectional area possible,

specimens were tested in the longitudinal direction and grip ends were
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electron beam (EB) welded to the extracted samples by Materials
Technology Corporation (MTC).

The process of welding grip ends to a

creep specimen by electron beam welding is common practice for MTC, thus
another reason why they were chosen to prepare and test all of the creep
specimens for the program. After EB welding, the specimens are machined
for the proper gauge dimensions and special care is taken to insure that the
HAZ from the EB weld is completely removed from the test gauge region
(i.e. the EB weld is only present in the shoulders and grip area of the creep
specimens). Photos of a specimen before EB welding and after machining
are shown in Figure 6.36.
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Figure 6.35. W6 narrow-groove weldment showing the extraction locations of the individual weld deposit regions for creep
testing of the ZZR and CBSR.
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Figure 6.36. Photomacrographs of the procedure for welding grips on the extracted ZZR
and CBSR regions. (A) weld deposit specimen and grips before EB welding and
machining, (B) specimen ready for creep testing after EB welding and machining.
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Creep curves for the CBSR vs. the ZZR for the narrow-groove
(W6) weldment tested at 210 MPa (30 ksi) and 540°C (1,000°F) are shown
in Figure 6.37. A clear difference in the creep behavior of the CBSR vs. the
ZZR is evident. The ZZR region exhibits creep rates that are noticeably
greater than that of the CBSR. One reason for the increased creep rate is
related to grain size. It is well known that a material’s creep behavior can
be influenced by grain size and the ZZR primarily contains a fine-grained
microstructure due to the overlapping of weld beads.

However, it is

believed that the difference in grain size cannot fully account for the change
in creep behavior of the ZZR vs. the CBSR. A study on the creep behavior
of the singular HAZ regions of a 1.25Cr-0.5Mo steel, by Lundin and Liu27,
found that the coarse-grained (CG), fine-grained (FG), and intercritical
(IC), HAZs all exhibit different creep rates. The creep rates in the FG and
IC HAZ regions were found to be greater than the rates in the base metal
and CG HAZ.

A microstructural evaluation showed that the major

differences among the CG, FG, IC, HAZs were the grain size, grain
substructure, and carbides. They concluded that the bainitic laths in the
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CG regions enhanced creep resistance while the refined grain size in the
FG and IC HAZs reduced the bainitic substructure in the grain matrix and
thus degraded creep resistance.

Additionally, more extensively coarsened

carbides were observed in the FG HAZ and IC HAZ as compared to the CG
HAZ and base metal, thus indicating that creep behavior can be influenced
by the fine-scale microstructure as well as grain size.
Micrographs of the individual regions of W6 are shown in Figure 6.38.
Looking at the microstructure one can clearly see that the 32hr PWHT
condition contains substantially less carbides within the grain matrix.
Carbides act as pinning sites for dislocations and thereby hinder dislocation
movement reducing the amount of plastic deformation.

Since the grain

interiors are denuded of fine carbides, the dislocations are allowed to glide
through the lattice freely. The allowance of plastic deformation due to lack
of matrix carbides helps to explain the difference in creep behavior, as less
matrix carbides will allow more plastic deformation to take place within the
grain and result in poor creep behavior.
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Figure 6.37. Creep curves for narrow-groove weld W6 showing a difference in creep
behavior between the CBSR and ZZR for both the 8 and 32-hour PWHTed conditions,
tested at 210 MPa (30 ksi) and 540°C (1,000°F). Note that, the CBSR appears more
creep resistant than the ZZR for both PWHTed conditions.
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Figure 6.38. Micrographs of W6 in the 8 and 32hr PWHTed condition at 50,000X
magnifications. Note the absence of matrix carbides in the 32hr condition.
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During testing of the junbo-sized cross-weld creep samples, in
the early stages of the HPV-PREVENT program, a difference between the
creep behavior of the narrow-groove weldment (W6) and the conventional
V-groove weldment (W910) was observed. The conventional V-groove weld
was more creep resistant than the narrow-groove weldment (W6).
Therefore, in order to compare the individual regions of the V-groove to the
narrow-groove weld, the ZZR and CBSR of the V-groove weld were
extracted and tested in the same manner as the narrow-groove weld. This
was conducted to determine if the individual weld deposit regions of W910
would again be more creep resistant than the W6 weldment. Figure 6.39
illustrates the extraction of the individual weld regions for the W910
weldment. It is important to mention that the identical sample preparation
procedure that was used on the narrow-groove weldment was also used in
the production of samples for the V-groove weldment.

The sample

dimensions, testing direction, and testing conditions are all identical.
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Figure 6.39. W910 conventional V-groove weldment showing the extraction locations of the individual weld deposit regions
for creep testing of the ZZR and CBSR.
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Figure 6.40 shows a comparison of creep curves for the weld
deposit regions of the narrow-groove W6 and the conventional V-groove
W910 weld in the 8-hour PWHTed condition.

A comparison of the

microstructure of W6 vs. W910 is shown in Figure 6.41. The micrographs
reveal that the W6 weldment contains larger M23C6 and M6C carbides along
the grain boundaries.

A comparison of the matrix carbides reveals that the

W910 weldment contains a finer dispersion of MC carbides while the W6
matrix is denuded in the CBSR region and ZZR contains heavily
precipitated M23C6 carbides. Figure 6.42 illustrates the creep behavior of
W6 vs. W910 in the 32-hour PWHTed condition. In both the 8 and 32-hour
PWHTed conditions, the conventional W910 weld was more creep resistant
than the narrow-groove W6 weld. In Figure 6.42, the ZZR of the W6 weld
is shown by the solid green line while the same region for W910 is shown by
the dotted green line. It is evident that the W910 sample outperformed the
W6 sample even though the welds share similar chemistry, grain size, and
welding parameters. W6-32-ZZR was terminated prior to rupture at 98%
life after 236 hours of testing while W910-32-ZZR was terminated prior to
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rupture at 97% of life after 1047 hours, which is four times longer than
the W6-32-ZZR sample. In comparing W6 and W910, a similar trend can
be seen for each region and it is clear that the W910 weldment is superior to
the W6 weldment in regard to elevated temperature performance.
Microstructure of the welds in the 32hr condition is shown in Figure 6.43.
The grain boundaries of W6 contain large M6C carbides while the grain
boundaries of W910 contain M23C6 and M7C3 carbides. Research on 2.25Cr1Mo by Lundin23 and a study on carbide precipitation of Cr-Mo steels by
Chilukuru104, both found that elevated temperature strength is primarily a
result of the strengthening effect of matrix carbides.

Chilukuru further

stated that, PWHT temperatures above 700°C could cause rapid coarsening
of matrix carbides by consuming MC carbides within the subgrain interior,
causing a degradation of creep resistance due to this Ostwald ripening.
It is clear from the fine-scale microstructural study of W6 and W910
that a decrease in matrix carbides coupled with an increase in grain
boundary carbides in the W6 weldment attributed to the decrease in creep
performance. One reason for the difference in carbide evolution between the
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W6 and W910 weldments is a difference in chemical composition. The
W6 weld has a carbon content of 0.126% and a vanadium content of 0.23
wt% while W910 has 0.085% carbon and 0.34 wt% vanadium. The increase
in carbon content and decrease in vanadium content of the W6 weld allows
for the formation of M23C6 carbides within the matrix.

Higher levels of

M23C6 carbides in the matrix (in close proximity) promote the occurrence of
coarsening and therefore carbides coalesce and grow in size thus creating a
denuded matrix. W910 contained a higher level of vanadium with promoted
the formation of vanadium MC carbides within the matrix as opposed to
M23C6 carbides. MC carbides are more temper resistant and therefore the
W910 weldment retained a higher level of carbides throughout the PWHT
and during creep testing resulting in better creep performance.
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Figure 6.40. Creep curves for ZZR and CBSR weld deposit specimens PWHTed for
8-hours at 705°C showing the comparison of creep behavior of narrow-groove W6
weldment to commercial W910 weldment, tested at 210 MPa (30 ksi) and 540°C
(1,000°F). Solid lines represent the W6 weldment while dotted lines represent the W910
weldment. Also note that, the creep curves are color-coded; RED - ZZR, and Black –
CBSR.
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Figure 6.41. Micrographs of the W6 and W910 weldments in the 8hr PWHTed
condition subsequent to creep testing.
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Figure 6.42. Creep curves for ZZR and CBSR weld deposit specimens PWHTed for
32-hours at 705°C showing the comparison of creep behavior of narrow-groove W6
weldment to commercial W910 weldment, tested at 210 MPa (30 ksi) and 540°C
(1,000°F). Solid lines represent the W6 weldment while dotted lines represent the W910
weldment. Also, note that, the creep curves are color-coded; GREEN – ZZR, and
BLUE – CBSR.
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Figure 6.43. Micrographs of the W6 and W910 weldments in the 32hr PWHTed
condition subsequent to creep testing.
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To further illustrate the evolution of the fine-scale microstructure
during heat treatment and its relationship to the elevated temperature
strength, comparison micrographs of the ZZR and CBSR regions in the 8
and 32 hour PWHTed conditions are shown in Figure 6.44 and Figure 6.45.
The comparison is intended to illustrate the presence of carbides in the
grain matrix and along grain boundaries for welds that exhibited poor creep
behavior (W6), acceptable creep behavior (W947), and superior creep
behavior (W910).

In each of the three welds, the matrix and grain

boundary carbides coarsen from the 8 to the 32 hour PWHT. However, the
W6 weld experiences a more rapid carbide evolution due to the fact that it
has 0.12 wt% carbon as compared to the W947 and W910 welds which each
contain 0.08wt% carbon. This resulted in the W6 weld becoming denuded
of matrix carbides in the 32 hour PWHTed condition and consequently lead
to poor creep performance.

The effect of vanadium content is shown by

comparing the W947 weld (0.23 wt% V) to the W910 weld (0.34 wt% V).
Both welds contained the same carbon content (0.08 wt%) and the W910
weld contained a higher vanadium content which resulted in a higher
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concentration of MC carbides in the grain interior as opposed to M23C6
matrix carbides.

The W947 weld had a lower vanadium content which

resulted in the formation of more M23C6 matrix carbides. M23C6 carbides
were shown to be less temper resistant than MC carbides and evolved at a
faster rate thus allowing the grain matrix to become denuded at 32 hours of
PWHT at 705°C. Looking at the micrographs for the three welds in the 32hour condition, a clear difference in the matrix carbides is apparent. One
can also see that grain boundary carbides in the W6 and W947 welds are
larger in size as compared to the grain boundary carbides in the W910 weld.
This is due to the fact that M23C6 carbides coarsen more rapidly, therefore
grain boundary M23C6 carbides coarsen and evolve into M6C carbides along
the grain boundaries.

Taking into account the matrix and boundary

carbides, one can draw a direct relationship between the creep performance
of the aforementioned welds and their respective carbide morphology.
Matrix carbides retard dislocation mobility thus reducing the amount of
allowable plastic deformation, which strengthens the steel. Further, large
grain boundary carbides form an incoherent interface along boundaries,
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which decreases the grain boundary strength. Therefore, the presence of
denuded grain interiors coupled with large grain boundary carbides in the
W6 weldment are responsible for the weld’s poor creep performance.

In

comparison, the W910 weld maintained a fine dispersion of matrix carbides
and the grain boundary carbides did not evolve into large blocky M6C
carbides, which resulted in the W910 weld exhibiting favorable creep
behavior.
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Figure 6.44. Comparison of the fine-scale microstructure in the ZZR at 50,000X in the 8
and 32 hour PWHTed condition for the W6, W947, and W910 welds. Note the large
M6C carbides in the 8hr W6 weld (top left) and the denuded grain matrix in the 32hr
W6 weld (top right). Also, recall that the W6 weld exhibited poor creep behavior while
the W910 weld exhibited favorable creep behavior.
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Figure 6.45. Comparison of the fine-scale microstructure in the CBSR at 50,000X in the
8 and 32 hour PWHTed condition for the W6, W947, and W910 welds. Note the
abundance of M23C6 matrix carbides in the 8hr W6 weld (top left) and the denuded grain
matrix in the 32hr W6 weld (top right). Also, recall that the W6 weld exhibited poor
creep behavior while the W910 weld exhibited favorable creep behavior.
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Chapter 7
Conclusions
Conclusions
In order to improve weldability and to mitigate fabrication issues
associated with Cr-Mo-V Alloy 22V, microstructural

and property

characterizations of 22V submerged arc weld deposits were addressed. The
microstructural characterization focused on carbide morphology, evolution
and distribution since the majority of the creep strength and mechanical
properties that are associated with 22V weld deposits are attributable to the
carbide type and location throughout the bainitic microstructure. Elements
such as chromium, molybdenum, and vanadium readily form carbides within
the weld deposit, which control toughness and the elevated temperature
strength of 22V.

Postweld heat treatments (PWHT) and/or elevated

temperature exposure during service cause the carbides that form upon weld
deposition to evolve into additional forms and concomitantly coarsen thus
altering the mechanical properties.

The microstructural characterization

studies were focused on the elevated temperature evolution of the fine-scale
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microstructure and its influence on the susceptibility to reheat cracking
and creep performance, as they are the two main areas of interest for
petrochemical applications of the 22V material.
From the metallurgical assessment of weld deposits in alloy 22V the
following conclusions can be drawn:
A) Carbide Identification:
1) Scanning
microscopy

electron

microscopy

revealed

the

and

evolution

transmission
of

electron

microstructure

and

transformation of carbides during elevated temperature exposure
with five distinct carbides apparent in the heat treatments
studied: MC, M2C, M23C6, M7C3, and M6C.
2) It was shown in this study that five carbide types were readily
identified by using the relative peak heights of EDS spectra for
iron, chromium, molybdenum, and vanadium.
3) MC carbides were found to contain 40 to 70 wt% vanadium with
the

remaining

chromium,

elemental

iron,

and

composition
molybdenum.

being

a

Their

mixture
shape

of
was
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predominantly spherical and they were primarily located
within the grain matrix. MC carbides were present in the weld
deposits that received a heat treatment above 350°C (660°F) and
were stable through 32 hours of PWHT at 705°C (1300°F).
4) M2C carbides were found to contain 48 – 80 wt% molybdenum
with the remaining elements being a mixture of chromium, iron,
and vanadium.

They generally were formed in a rod shaped

morphology that was primarily found within the grain matrix.
M2C carbides were formed during an ISR (Intermediate Stress
Relief) heat treatment of 620°C (1150°F) and were stable through
8 hours of PWHT at 705°C (1300°F).

The M2C type carbides

evolved into M23C6 and M6C carbides during 16 hours of PWHT
at 705°C (1300°F).
5) M23C6 carbides revealed a semi-spherical “drop-like” shape and
primarily formed along grain boundaries, but were apparent in the
grain matrix in welds that contained greater than 0.1 wt% carbon.
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6) M23C6 carbides were primarily composed of chromium and
iron with a Cr/Fe ratio of 0.7. M23C6 carbides were also found to
contain lesser amounts of molybdenum and vanadium (~3 – 18
wt%). M23C6 carbides were the most prominent carbides observed
during this investigation and were present throughout the range of
heat treatments studied.
7) M7C3 carbides primarily occurred along grain boundaries showing
a rectangular shape.

The M7C3 carbides contained chromium,

iron, molybdenum, and vanadium with a Cr/Fe ratio of 1.4 and
~3 to 10 wt% molybdenum and vanadium.

The M7C3 were

generally found after 16 hours of PWHT at 705°C (1300°F).
8) M6C carbides were found to have a blocky-type shape and were
primarily found along grain boundaries.

M6C formed by the

coalescence of other carbides and were present after 16 hours of
PWHT at 705°C (1300°F). M6C carbides contained a mixture of
chromium, iron, and molybdenum with a Cr/Fe ratio of 1.3. M6C
carbides were readily distinguishable from other Cr-Fe type
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carbides because the molybdenum content ranged from 30 to
65 wt% in comparison to 3 to 18 wt% molybdenum for the M23C6
and M7C3 type carbides.
B) Carbide evolution as a function of postweld heat treatment:
1) The as-welded microstructure was found to contain an M-A
constituent (martensite-austenite constituent) with very few
carbides within the matrix and a limited number of carbides along
grain boundaries.
2) The carbide evolution as a function of heat treatment revealed
that grain matrix and grain boundary carbides coarsened as the
postweld heat treatment time and temperature were increased.
3) Additional MC type carbides, above the level observed in the aswelded condition, formed early and were observed in the grain
matrix after a dehydrogenation heat treatment (DHT) of 350°C
(660°F) for 4 hours. MC carbides increased in size and frequency
during subsequent PWHTs ranging from 4 – 32 hours at
temperatures of 650°C to 705°C (1200°F to 1300°F).

After 32
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hours of PWHT at 705°C, MC carbides located in the grain
interior evolved into M23C6 matrix carbides.

MC carbides that

were located near grain boundaries were consumed in the
evolution of other types of grain boundary carbides (M23C6, M7C3,
and M6C).
4) M2C

carbides

formed

primarily

in

the

grain

matrix

at

temperatures above 620°C (1150°F) and were stable through 8
hours of PWHT at 705°C (1300°F). M2C evolved into M23C6 and
M6C carbides after 16 hours of PWHT at 705°C (1300°F).
5) M23C6 carbides were found to precipitate within the matrix and
along grain and subgrain boundaries at temperatures above 650°C
(1200°F). M23C6 were stable for 32 hours of PWHT at 705°C; at
longer PWHT times they evolved into M6C type carbides.
6) M7C3 and M6C carbides were found to be the most stable carbides
at PWHTs greater than 32 hours at 705°C.
7) The weld deposit chemical composition was determined to play a
role in the initial formation of carbides and the evolutionary
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sequence during carbide coarsening.

Welds that contained

higher levels of carbon, coupled with lower levels of vanadium,
initially formed MC and M23C6 carbides within the grain matrix
rather than solely MC carbides.

The M23C6 matrix carbides

quickly coarsened, thereby leaving the matrix denuded of carbides
and subsequently affecting the mechanical properties of the weld
deposit.

Welds that contained lower levels of carbon, coupled

with higher levels of vanadium, initially formed MC carbides
within the grain matrix. MC carbides were observed to be more
temper resistant than M23C6 matrix carbides and coarsened at a
reduced rate allowing the MC carbides to remain present for
longer heat treatment times.
C) Microstructural influence on reheat cracking (RHC):
RHC occurs in the early stages of heat treatment and therefore once the
weld receives a PWHT of 705°C for 8 hours (or more), the residual stresses
are lowered to a level where RHC is unlikely.

Therefore, the fine-scale
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microstructure in the early stages of heat treatment was studied in
regard to RHC.
1) It was determined that the susceptibility to reheat cracking can be
influenced by the grain boundary strength and the fine-scale
microstructure as the formation of matrix carbides strengthens the
grain matrix thereby shifting any strain to the grain boundaries.
Thus, an increase in the concentration of carbides or a lack of
matrix carbides can increase or decrease the susceptibility to
reheat cracking, respectively.
2) In the welds studied, a similar fine-scale microstructure was
observed in welds that were both susceptible and not susceptible
to reheat cracking. These welds contained a similar distribution
of matrix and grain boundary carbides. Thus, the grain boundary
strength is believed to be a more influential factor of the
susceptibility to RHC.
D) Creep behavior:
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During creep testing of jumbo cross-weld specimens for the HPVPREVENT program, it became apparent that the ZZR, at the centerline of
narrow groove welds, experienced preferential deformation and was the
primary failure location for samples that received a PWHT of 32 hours at
705°C (1300°F). This led to concerns associated with the ZZR and initiated
an in-depth study of the fine-scale microstructure and creep properties of
the individual regions of a weld deposit. It was determined that a narrow
groove weld deposit could be separated into two distinct regions, the zigzag
region (ZZR) and the center bead stack region (CBSR). These regions were
found to be unique as the CBSR contains a mixture of coarse-grained and
fine-grained weld deposit microstructures, while the ZZR mainly contains
fine-grained weld deposit microstructure.
1) It was found that creep specimens carefully excised from these
unique regions of the deposit (ZZR and CBSR) provided a
definitive evaluation of the creep behavior of the weld deposit.
2) It was shown upon creep testing of the individual regions that the
ZZR and CBSR regions experience significantly different creep
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behavior with the ZZR exhibiting a significantly faster creep
rate in comparison to the CBSR in both the 8 and 32-hour
PWHTed conditions.
3) The ZZR was shown to contain a reduced extent of matrix
carbides in comparison to the CBSR.

This is related to the

overlapping of sequential thermal cycles associated with multipass, two beads per layer weldments, which cause complex
transformations in the ZZR.

The additional thermal cycles

increased the coarsening of carbides in the ZZR and generally led
to the ZZR being denuded in regard to matrix carbides after 32
hours PWHT.
4) In both the CBSR and ZZR regions, welds that retained matrix
carbides for longer times during creep testing exhibited improved
creep behavior, whereas welds that were denuded of matrix
carbides showed a substantial decrease in expected creep life as
carbides were not sufficiently present to strengthen the matrix.
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5) The results from creep-testing cross-weld specimens and
specimens containing the isolated regions of the weld deposit
showed that the ZZR in narrow groove, two beads per layer, welds
was the weakest region in regard to creep resistance.
E) Influence of impurity elements on the elevated temperature properties:
Attempts were made to verify the presence of impurity elements on reheat
cracked surfaces and creep-crack surfaces.

Due to the fact that

molybdenum, sulfur, and lead each exhibit peaks at approximately 2.4keV
when recorded by the EDS method, a definitive quantity of each of these
elements cannot be readily attained.

A direct comparison of the spectra

from the transgranular cleavage surface vs. the reheat- and creep-cracked
surfaces suggests that lead may be present as the peak intensity at 2.4keV
increases when the reheat- or creep-crack surface are the only regions
excited by the beam.
1) Welds that contained impurity elements, such as lead, were found
to be more susceptible to reheat cracking; however, the impurities
had little or no effect on the fine-scale microstructure.
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2) Impurity elements were also shown to be detrimental
concerning creep behavior.

Welds that contained 3-9ppm lead

revealed a substantial reduction in expected creep life.
3) It is believed that the presence of impurity elements lowers the
grain boundary strength, yielding unfavorable creep behavior and
increasing the susceptibility to reheat cracking.
F) Overall Conclusions
1) The research successfully built upon the existing stress rupture
data of 22V and the creep behavior of more than 80 specimens
was recorded during the HPV-PREVENT program.
2) It was shown that the elevated temperature strength of 22V weld
deposits was related to the presence and/or absence of matrix MC
carbides.

The presence of MC matrix carbides increased the

hardness and strengthened the matrix resulting in more favorable
creep behavior as compared to regions which were denuded of MC
matrix carbides.
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3) Coarsening of grain boundary carbides resulted in the
evolution of large M6C type carbides, which lowered the grain
boundary strength thus reducing the expected creep life.
4) It is axiomatic that carbon and vanadium contents have a
significant influence in the formation and evolution of carbides.
Weld deposits that contained more than 0.1wt% carbon were
prone to the formation of M23C6 carbides within the grain matrix
as opposed to MC type matrix carbides. The M23C6 carbides were
shown to be less temper resistant than MC carbides and therefore
coarsened at a faster rate resulting in the grain matrix becoming
denuded of carbides. The higher carbon content also resulted in a
more rapid evolution of grain boundary carbides as the M23C6,
M7C3, and especially the M6C carbides along boundaries grew to
larger sizes than grain boundary carbides in weld deposits that
contained less than 0.1wt% carbon.

Large grain boundary

carbides combined with a denuded grain matrix revealed negative
effects in regard to elevated temperature performance.

Matrix
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carbides provide greater overall strength as well as enhance the
resistance to hydrogen effects by means of maintaining hydrogen
traps and thus minimizing hydrogen diffusion. Weld deposits that
contained lower levels of carbon ~0.08 wt%, coupled with higher
vanadium content ~0.34 wt%, yielded a higher concentration of
MC carbides within the grain matrix.

In these welds, the MC

carbides were shown to be more temper resistant and were
retained throughout the multiple 705°C – 8-hour heat treatments
resulting in enhanced elevated temperature behavior.

In closure, it is felt that the totality of this work provides data which will be
of importance to the improved utilization of the 22V alloy and similar alloy
systems employed in the current and future power production and
petroleum refining sectors of industry.
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Chapter 8
Future work
During the course of this investigation, questions have arisen
regarding the causes of a number of the effects observed during testing, the
answers to which lie outside the immediate scope of this study.

Listed

below are several areas in which additional research would be of value in
addressing these unresolved questions:
 A more in-depth study of the chemical composition on reheat crack
surfaces and creep crack surfaces in regard to the presence of impurity
elements such as lead.
 Implementation of the Gleeble to produce samples that have
simulated thermal cycles to create samples that represent a specific
microstructural region of the weld deposit, such as the double
overlapped weld deposit heat affected zone.
 A study on the hydrogen trapping effectiveness of welds that were
denuded of MC matrix carbides vs. those welds that maintained a fine
dispersion of MC carbides.
 Use the obtained TEM and SEM micrographs to model the
dislocation interaction and calculate material strength as a function of
carbide size and spacing.
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Appendix 1
Development of Techniques to Characterize the Microstructure of
22V Weld Deposits
At the onset of the program, it was apparent that the interpretation
of the macro/microstructural features associated with 22V SAW weldments
must be performed with care. Several factors were found to influence the
microstructural “appearance” of a weld region and so to avoid misinterpretation, these factors were studied.

The effect of disturbed metal and

etching effects were evaluated and a comprehensive study was conducted to
develop the proper techniques to reveal the optimum macro/microstructures
of 22V submerged arc welds.
A1.1 Disturbed Metal
Similar to all mechanically polished metals, 22V is susceptible to
disturbed metal.

The microstructure of 22V is complicated due to the

transformations the alloy undergoes during thermal cycles and it was clear
that

the

presence

of

disturbed

metal

severely

masked

the

true
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microstructure thereby further complicating microstructural assessments.
Scratches, deformation, and some smearing are characteristic consequences
of mechanical grinding and polishing.

During grinding, the surface is

removed by the abrasive in the form of micro shavings or chips.

The

removed particles can become trapped and even embedded within the sample’s surface contour. The scratch troughs, shown in Figure A.1 below, have
been filled with material due to the rolling action of loose particles from the
specimen and abrasive disc.

This filling effect gives rise to the smeared

black layer, which is comprised of severely deformed material105.
All samples prepared by mechanical methods will have some degree of
disturbed metal. To remove disturbed metal one should use an etch-polish
procedure. After polishing with alumina slurry lightly etch the sample with
2% Nital to reveal the microstructure. Using a microhardness machine (or
equivalent), place an indentation on the sample which will be used as a
marker. The marker enables the metallographer to find and view the same
region after each etch-polish sequence and evaluate the degree of remaining
disturbed metal. Using an optical light microscope, take a photomicrograph
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of the microstructure with the marker placed in one corner of the image.
Repolish the sample to a mirror finish using only the alumina slurry and reetch the sample. Re-examine the microstructure by placing the marker in
the same orientation as the previously recorded photomicrograph and
determine if the microstructure’s appearance improves.

Repeat the etch-

polish procedure until there is no gain in detail between etch-polish
sequences.

When the microstructure’s appearance and detail remain

constant between sequences, one can conclude the majority of disturbed
metal has been removed and true microstructure is apparent. Figure A.2
below compares true microstructure to the microstructure of disturbed
metal for a 22V base material.

Typically, 2-4 etch-polish sequences are

needed to reveal the true microstructure.
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Depth

Highly Deformed Smear Zone

Contours of
Equal Deformation

Fragmented
Zone

Undeformed Region

Figure A.1.1. Schematic diagram of cross-sectional specimen after grinding and
105
polishing .

213

Figure A.1.2. Disturbed metal vs. true microstructure photomicrographs, Nital etch,
200X. (A) First etch-polish sequence, (B) Second etch-polish sequence, (C) Third etchpolish sequence, (D) fifth etch-polish sequence. Note the dramatic change in detail
st
nd
between the 1 and 2 etch-polish sequence. A minimal gain in the microstructural

appearance between the 3rd and 5th sequence denotes that the disturbed metal has been
removed and the “true” microstructure is revealed. A photomicrograph of the 4th
sequence is not shown.
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A1.2 Interpretation of Microstructure Related to Etching
Effects
Weld deposit microstructures are quite complex due to the many
variables that influence solidification and weld bead overlap.

In general,

subsequent weld beads in multipass deposits partially alter the previously
deposited weld microstructure and improve the toughness by the
overlapping/grain refinement and tempering affects.

The reasons being

that: 1) each subsequent weld thermal cycle effectively transforms a portion
of the previously deposited weld metal creating a grain-coarsened area and a
grain-refined/partially refined region, and 2) these subsequent weld passes
temper the previously deposited weld. The weld metal and/or base metal
adjacent to the newly deposited weld bead will be reheated and undergo a
transformation to austenite and upon cooling the transformed regions will
create a heat-affected zone.
In a two-pass per layer bead sequence (Figure A1.3), the overlapping
of beads at the weld centerline create a “Zigzag Region” (ZZR) in the
through thickness direction.

The ZZR contains overlapping weld deposit
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heat affected zones and therefore specific regions of the ZZR experience
multiple thermal cycles. The overlapping of the weld beads creates single
and double refined regions, which undergo one or two cycles above the AC1,
respectively.

The ZZR also contains single and overlapping subcritical

HAZs, which experience temperatures just below the AC1 therefore creating
tempered regions within the weld deposit.

Selected etchants have been

shown to readily reveal the subcritical HAZs in 22V, as shown in Figure
A1.4 and further discussed below. It should be noted that, the subcritical
HAZ is generally not considered part of the microstructurally visible HAZ.
The alloying elements of 22V allow for precipitation and carbide coarsening
in the subcritical HAZ and therefore it is visually evident whereas in plain
carbon steels the subcritical HAZ is not optically apparent.
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Figure A1.3 Schematic of a narrow groove weld deposit HAZ in a multi-pass weldment.
(A) macrograph of SAW with a two-pass per layer weld bead sequence showing the
zigzag region, as-welded condition, Noren’s etchant, 2X Magnification, (B) schematic of
ZZR.
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During the microstructural characterization of a weld, care must
be taken recognizing that the “appearance” of the structural rendition of a
region is greatly influenced by the type of etchant. Solute sensitive reagents
(such as Ammonium Persulfate and Noren’s) in comparison to general microstructural sensitive etchants (such as Nital and Picral) were shown to
reveal different structural appearances for the same region. A macro-scale
etchant comparison is provided in Figure A1.4; note that a specific
area/region may appear light (whitish) or dark depending on the etchant
used. As an example, examine the weld deposit HAZ of the final weld pass
in images “A” & “B”.

The subcritical HAZ of the weld deposit has a

light/whitish appearance in image “A” while in image “B” the same region
appears darker. 10% ammonium persulfate etchant reveals the BM HAZ as
a “whitish” region and the outer boundary of the HAZ in the weld deposit is
a “hazy white”.

Noren’s Reagent depicts the grain-refined BM HAZ as

generally “whitish” in tone while the outer boundary of the weld deposit
HAZ appears dark. Nital renders the grain-refined BM HAZ as “whitish”
and the outer boundary of the weld deposit HAZ also appears “whitish” but
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with a slightly darkened edge. The Nitric-HCL etchant reveals the BM
HAZ as “whitish” while having little or effect on the outer boundaries of the
weld deposit HAZ.

5mm

Figure A1.4. Photomacrograph comparison of etchants, 2X. Note that the sample was
repolished before each etchant was applied; (A) 10% aqueous ammonium persulfate –
solute sensitive, (B) Noren's Reagent – solute sensitive, (C) 2% Nital – microstructure
sensitive, (D) Nitric acid-HCL etchant – microstructure sensitive
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The photomacrograph shown in Figure A1.5 was etched with a
strong solute sensitive etchant, 10% aqueous ammonium persulfate. In the
light or “whitish” appearing semicircular regions in the underlying weld
deposit, the grains appear to be columnar and sweep continuously from pass
to pass in response to the thermal gradients present. However, this is more
or less an illusion because the grain structure “only appears to be
continuous” primarily due to the etching effect associated with solute
segregation, which is most pronounced along the prior solidification grain
boundaries. In reality, the overlapping of weld passes generally results in a
band of grain refinement in the underlying weld deposit. Thus, when etched
with a solute sensitive etchant, the appearance of the transformed finegrained region is often masked by the outline of the primary solidification
grains, which are termed “ghost grains”. However, as the magnification is
increased, and/or a different etchant is used the true grain pattern can be
revealed with the fine-grained microstructural region in the weld deposit
becoming evident.
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For example, when utilizing a 10% Ammonium Persulfate etchant
and increasing the magnification to 20X, the weld deposit microstructure
shown in Figure A1.6 is revealed. Note that both the as-solidified coarsegrained and fine-grained regions are clearly apparent thus the etching effects
related to ghost grains are only relevant to the macro scale (1X - 10X) and
diffuse lighting. At magnifications above 20X, with direct lighting, the finegrained regions are unmasked and the true microstructure is distinguished.

Figure A1.5 Macrostructure of a 22V narrow groove SAW in the as-welded condition,
10% ammonium persulfate etchant, 6.5X magnification.
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Figure A1.6. Macrograph of SAW weld deposit showing the transformed fine-grained
regions in the weld deposit HAZ and coarse-grained as-solidified microstructures, 10%
ammonium persulfate etch, 20X magnification.
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Appendix 2
Etchant Comparison
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Table A1. List of Etchants

Etchant

Procedure

Comments

2% Nital

Swab method; 15-45 seconds

Most common steel etchant, good for weld metal
solidification, reveals ferrite, pearlite, martensite,
and HAZ.
Acceptable etch for macros and micros, favorable
etch for as-welded and heat-treated 22V samples.
Immersion produces more contrast and detail when
compared to swabbing method.
Acceptable etch for SEM microscopy
Produces a slow, uniform, smooth dissolution similar
to Nital. CG to FG transition is less evident
compared to other etchants.

100 ml Ethanol
2 ml HNO3

Immersion method; immerse sample
upside down in solution for 15-90
seconds

Picral

Swab or immerse for 10-20 seconds

4 g Picric Acid

(Immerse for SEM microscopy)

100 ml Ethanol
1ml HCL
10% Ammonium Persulfate
10 g Ammonium Persulfate
100 g H2O

Swab
method;
5-50
seconds,
recommended for large samples
macros
Immersion; 5-120 seconds, produces
dislocated material on sample
surface.

For structures with ferrite and carbide, shows HAZ,
transition from CG-FG
Exceptional etchant for revealing fusion zone
substructure, transition zone between BM - WM,
and overlap region.
Recommended macro etchant for as-welded samples
and PWHT samples, removes disturbed metal.
*Immerse or Rinse with water to stop reaction then
rinse with alcohol before drying. While rinsing with
water gently swab sample with cotton to remove
dislocated metal.
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Swab method; 3-6 seconds

Noren’s Reagent
135 ml Ethanol

1 g Cupric Chloride

20 ml H2O

Immerse
seconds

upside

down

for

5-10

15 ml HCl

Optimum etchant for macrographs of as-welded and
PWHT samples. Produces high contrast between
fusion zones and overlap region.
Reveals CG-FG transition zone very well.
Reveals lath structure of Bainite in ferrite matrix

5 g Picric Acid
Hrubec’s Reagent
45 g CuCl2

Immerse for 5-10 seconds, swabbing
acceptable

8 g FeCl3

Acceptable etch for macro and micrographs for aswelded and heat treated samples. Produces good
contrast and grain structure. Reveals ingotism in
BM and HAZ.

180 ml HCl
Produces good contrast between ferrite grains

1.5 ml HNO3
180 ml H2O
380 ml Ethanol
Fry’s Reagent
50 ml H2O

Swab or Immersion is acceptable.
1-2 seconds, Very fast etch

Excellent contrast between grains, and between BM
and WM, overlap region was not darkened and
clearly visible, ferrite darkened, martensite darker,
austenite light, useful for retained austenite. The
etchant can be diluted with alcohol to reduce the
etching rate and is strongly recommended.

Swab or Immersion is acceptable.
3-10 seconds

Optimum etchant for optical microscopy of 22V
weld deposit up to 1,000X.

60 ml HCl
45 g Cupric Chloride

Wazu’s Reagent
45g Cupric Chloride

Revels flow lines and grain structure.

180 ml HCL
100 ml H2O
350 ml Alcohol

Dilute with alcohol (~additional
100ml) when preparing a sample for

Not recommended for SEM analysis due to copper
deposits.
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micrographs above 100X.
Nital-Noren’s Sequential Etch
Compositions shown above

Picral-Sodium Bisulfite Sequential Etch
4 g Picric Acid

1ml HCL
10 g Sodium Bisulfite
100 ml H20
Marshall’s Reagent

5 ml H2SO4
8 g Oxalic Acid
100 ml H2O

Nital outlines the grain structure and grain
boundaries while Noren’s adds depth and contrast
to the ferrite matrix. Noren’s Reagent reveals
better detail within the weld metal FG-CG regions
using OLM when compared to Nital – Picral.

Etch with Picral procedure shown
above rinse and dry.

Acceptable etchant for optical microscopy up to
1000X. Noren’s Reagent deposits copper on the
sample’s surface therefore, it is not recommended for
SEM imaging
Optimum etchant for macrostructure in as-welded
and PWHT samples.

Immerse upside down in Sodium
Bisulfite solution and agitate for 30120 seconds, rinse with warm water
then methanol before drying with
warm air.

100 ml Ethanol

Part I;

Light Nital etch; immersion ~ 5-25
seconds, rinse and dry sample,
immerse in Noren’s Reagent for ~ 115 seconds. Do not rub or swab
samples between etchants or drying.

Mix equal parts of Parts 1 & 2;
Part 2;
30% H2O2

Swab method; 1-5 seconds
Immersion; 1-10 recommended for
macros

Tint etch for bainite and martensite;
Bainite- blue, martensite-white/tan,

Produces great macro etch of as-welded and PWHT
samples.
Readily attacks carbides along grain boundaries and
within ferrite matrix, a quick 1 second etch will only
reveal carbides and will not etch ferrite matrix,
great for outlining grains and evaluation of carbide
distribution in dark field OLM.
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Igevski Reagent

Swab method; 5-25 seconds

100 ml Alcohol

Immersion; not evaluated

Produced poor to moderate results, heavy staining
of carbides and did not reveal detail within the
ferrite matrix.

5 g FeCl3
Modifidied DILB2
30 ml Glycerin
10 ml HCl

from

Produced moderate results, carbides and grain
boundaries were not revealed.
Provided detail
within the ferrite matrix due to crystallographic
orientation.

Immersion method; agitate upside
down in solution for 1-3 minutes

Color etchant for carbides. Fe2MoC- blue and M6Cbrown, Mo2C colored brown, (Fe,Cr)23C6-attacked
but (Fe,Mo)23C6 not attacked.
Produced moderate results but optical microscopy of
1,000+ magnification is needed to see the true
rendition.

Etchant
originated
Westinghouse Research Labs
Swab method; 10-25 seconds

5 ml Nitric Acid
5 ml 3% H2O2
Groesbeck’s Reagaent
4 g KMnO4
4g NaOH
100 ml H20

Swab method; not evaluated
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Figure A2.1. Macro etchant comparison of a SAW in the as-welded condition, 2.5X; A) 2% Nital, B) Picral, C) PicralSodium Bisulfite, D) Ammonium Persulfate, E) Modified DILB2, F) Noren’s Reagent, G) Fry’s Reagent, H) Wazau’s
Reagent, I) Marshall’s Reagent.
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Figure A2.2. Macro etchant comparison of a SAW in 705°C -32hr PWHT condition, 2.5X; A) 2% Nital, B) Picral, C)
Picral-Sodium Bisulfite, D) Ammonium Persulfate, E) Modified DILB2, F) Noren’s Reagent, G) Fry’s Reagent, H) Wazau’s
Reagent, I) Marshall’s Reagent.
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Figure A2.3. 22V Base Metal Etchant Comparison, Original Magnification 500X; A) 2% Nital, B) Picral, C) Picral-Sodium
Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.4. 22V Fine-grained BM HAZ Etchant Comparison, Original Magnification 500X; A) 2% Nital, B) Picral, C)
Picral-Sodium Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.5. 22V Coarse-grained BM HAZ Etchant Comparison, Original Mag. 500X; A) 2% Nital, B) Picral, C) PicralSodium Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.6. 22V Fusion Zone Etchant Comparison, Original Magnification 500X; A) 2% Nital, B) Picral, C) Picral-Sodium
Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.7. 22V Coarse-grained Weld Deposit Etchant Comparison, Original Mag. 500X; A) 2% Nital, B) Picral, C) PicralSodium Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.8. 22V Fine-grained Weld Deposit Etchant Comparison, Original Mag. 500X; A) 2% Nital, B) Picral, C) PicralSodium Bisulfite, D) Noren’s, E) Ammonium Persulfate, F) Wazau’s, G) Marshall’s Reagent, H) Modified DILB2.
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Figure A2.9.

SEM Etchant Comparison of Coarse-grained Weld Deposit, Original

Magnification 10,000X;

A) 2% Nital,

B) Picral,

Noren’s, E) Ammonium Persulfate, F) Wazau’s,

C) Picral-Sodium Bisulfite,

D)
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Figure A2.9.

SEM Etchant Comparison of Fine-grained Weld Deposit, Original

Magnification 10,000X;

A) 2% Nital,

B) Picral,

Noren’s, E) Ammonium Persulfate, F) Wazau’s,

C) Picral-Sodium Bisulfite,

D)
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